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BEST PRACTICE GUIDELINES FOR TANK TESTING OF WAVE ENERGY 
CONVERTERS
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(YHQDWVPDOOVFDOHVWKHFRQWUROOHGODERUDWRU\
HQYLURQPHQWDOORZVWKHSHUIRUPDQFHRIWKH
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Figure 1: Tank testing experiments carried out in the Edinburgh curved tank show key aspects of experimental practice. 1(a): 100th scale 
Sloped IPS buoy in mixed seas. 1(b): comparison between two types of wave gauge.
Figure 1(a)
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Figure 1(b)
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E\WKH8QLYHUVLW\RI(GLQEXUJKLQYROYLQJ
OHDGLQJUHVHDUFKJURXSVDFURVVILYHXQLYHUVLWLHV
(GLQEXUJK+HULRW:DWW/DQFDVWHU6WUDWKFO\GH
DQG4XHHQ¶V%HOIDVW:RUNVWUHDPLV
FRQFHUQHGZLWKWKHFRQYHUJHQFHRISK\VLFDO
WHVWLQJDQGQXPHULFDOPRGHOLQJRI:(&
FRQFHSWV6XSHU*HQLVVHHNLQJWRHQVXUHWKDW
FRPSDUDEOHUHVXOWVFDQEHREWDLQHGLQDQ\RI
WKHZDYHWDQNVDYDLODEOHZLWKLQWKHFRQVRUWLXP

7KHVHQDWLRQDODQGLQWHUQDWLRQDOHIIRUWVDUHQRW
LQGHSHQGHQWRIHDFKRWKHUVLQFHFRQVRUWLXP
PHPEHUVDUHLQYROYHGZLWKWKHQDWLRQDOPLUURU
FRPPLWWHHVIRU7&DQGDUHSDUWLFLSDWLQJ
LQWKH(TXL0DUSURMHFW,QGHHGLWLVFULWLFDO
WKDWEHVWSUDFWLFHJXLGDQFHLVEDVHGRQDEURDG
FRQVHQVXVRIRSLQLRQLILWLVWREHDGRSWHG
E\ERWKHVWDEOLVKHGDQGQHZH[SHULPHQWDO
IDFLOLWLHVDQGXOWLPDWHO\LQFRUSRUDWHGLQWR
LQWHUQDWLRQDOVWDQGDUGV

7RWKLVHQG6XSHU*HQKDVSURGXFHGDEHVW
SUDFWLFHJXLGHGUDZLQJRQERWKH[SHUWLVH
ZLWKLQWKHFRQVRUWLXPDQGSXEOLVKHGOLWHUDWXUH
,QWKLVSDSHUWKHDXWKRUVKDYHVXPPDUL]HG
WKHNH\VHFWLRQVRIWKHJXLGHZKLFKFRYHUWKH
SK\VLFDOPRGHOPHDVXUHPHQWZDYHJHQHUDWLRQ
ERWKGHWHUPLQLVWLFDQGQRQGHWHUPLQLVWLF
DSSURDFKHVWDQNFDOLEUDWLRQDQGSKDVHORFNLQJ

3+<6,&$/02'(/

$SK\VLFDOPRGHOLVXVHGLQDZDYHWDQNWR
LQYHVWLJDWHDWVFDOHWKHEHKDYLRXURIDZDYH
HQHUJ\FRQYHUWHUFRQFHSW,QPRVWFDVHVVRPH
DVSHFWVRIWKHIXOOVFDOHGHYLFHDUHVLPSOLILHG
LQWKHVFDOHGPRGHO)RUWKHSRZHUWDNHRII
V\VWHPDQHOHFWURPDJQHWLFGDPSHUPLJKW
IRUH[DPSOHEHXVHGLQSODFHRIWKHIXOOVFDOH
K\GUDXOLFV\VWHP0RGHOWDQNWHVWVDUHW\SLFDOO\
XVHGWRLQYHVWLJDWHWKHIROORZLQJSRLQWV
 3RZHUFDSWXUHFKDUDFWHULVWLFV
 +\GURG\QDPLFV
 3RZHUWDNHRIISULQFLSOHDQGDVVRFLDWHG
 FRQWURO
 0RRULQJV

7KLVVHFWLRQLQWURGXFHVWKHLVVXHRIVFDOLQJDQG
LWVVSHFLILFLPSDFWRQPRGHOWHVWLQJRI:(&V
,WWKHQIRFXVHVRQSRZHUWDNHRIIPRGHOLQJDQG
VHQVRUV

6FDOLQJ
*HQHUDOO\VSHDNLQJLQWKHPHFKDQLFDO
LQWHUDFWLRQVEHWZHHQIOXLGVDQGVROLGVWKUHH
NLQGVRIIRUFHVDUHRIFRPSDUDEOHLPSRUWDQFH
7KHVHDUHDVVRFLDWHGZLWKLQHUWLD)LJUDYLWDWLRQ
)JDQGYLVFRVLW\)Y


ZKHUH8LVWKHIOXLGYHORFLW\JWKHJUDYLWDWLRQDO
DFFHOHUDWLRQOWKHOHQJWKFKDUDFWHUL]LQJIOXLG
VROLGLQWHUDFWLRQSKHQRPHQRQDQGLVWKH
G\QDPLFYLVFRVLW\

'HSHQGLQJRQWKHSKHQRPHQRQLQYHVWLJDWHG
WKHUHODWLYHPDJQLWXGHRIWKRVHIRUFHVYDULHV,W
LVXVHIXOWRTXDQWLI\WKHLUUHODWLYHLPSRUWDQFH
7KLVLVW\SLFDOO\GRQHXVLQJWZRQRQ
GLPHQVLRQDOTXDQWLWLHVWKH)URXGHQXPEHU)U
DQGWKH5H\QROGVQXPEHU5H


ZKHUHȞLVWKHNLQHPDWLFYLVFRVLW\Ȟ ȡ




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,GHDOO\ZKHQGHVLJQLQJVFDOHGPRGHOWHVWLQJ
LWLVGHVLUDEOHWRUHWDLQWKHVDPHEDODQFH
EHWZHHQLQHUWLDOJUDYLWDWLRQDODQGYLVFRXV
HIIHFWVDVWKDWRIWKHIXOOVFDOHSKHQRPHQRQ
7KLVLPSOLHVHQVXULQJWKDWWKHYDOXHVRIERWK
)UDQG5HDWPRGHOVFDOHDUHWKHVDPHDVWKH
IXOOVFDOHRQHV,QSUDFWLFHWKLVLVXVXDOO\
GLIILFXOWWRDFKLHYHHVSHFLDOO\DWVPDOOVFDOH
$VDQH[DPSOHFRQVLGHUWKHLQYHVWLJDWLRQRI
WKHIRUZDUGPRWLRQRIDVKLSXVLQJDWK
VFDOHPRGHOLQDWRZLQJWDQN$VVXPLQJWKDW
WKHJUDYLWDWLRQDODFFHOHUDWLRQJLVWKHVDPHLQ
ERWKPRGHODQGIXOOVFDOHFRQGLWLRQVLI)ULVWR
EHNHSWFRQVWDQWDFFRUGLQJWRWKHYDOXHRI
WKHIRUZDUGVSHHG8DWPRGHOVFDOHKDVWREH
WKRIWKHIXOOVFDOHRQH1RZDVVXPLQJWKDW
WKHIOXLGXVHGZLWKWKHPRGHOLVWKHVDPHDVLQ
IXOOVFDOHȞLVWKHVDPHLQERWKPRGHODQGIXOO
VFDOHFRQGLWLRQV,I5HLVWREHNHSWFRQVWDQW
DFFRUGLQJWRWKHYDOXHRI8DWPRGHOVFDOH
KDVWREHWLPHVWKDWRIWKHIXOOVFDOHYDOXH
7KHREYLRXVZD\WRRYHUFRPHWKHVHFRQIOLFWLQJ
UHTXLUHPHQWVZRXOGEHWRLQFUHDVHJDQGRU
GHFUHDVHȞ7KLVZRXOGLQYROYHUXQQLQJWKH
PRGHOH[SHULPHQWVLQDFHQWULIXJHDQGRUXVLQJ
IOXLGVZKRVHYLVFRVLWLHVDUHORZHUWKDQWKDWRI
WKHIXOOVFDOHRQH8QIRUWXQDWHO\WKLVNLQGRI
H[SHULPHQWDOVHWXSLVQRWSUDFWLFDOIRUWDQN
WHVWLQJRIZDYHHQHUJ\GHYLFHVZKHUHWDQNV
DUHWRRODUJHWRILWLQFHQWULIXJHVDQGDUHILOOHG
ZLWKZDWHU

'XULQJWKHLQWHUDFWLRQEHWZHHQZDYHVDQGVROLG
ERGLHVWKHHIIHFWVRIYLVFRVLW\DUHJHQHUDOO\
IHOWLQWKHERXQGDU\OD\HULQWKHFORVHYLFLQLW\
RIWKHZDWHUERG\LQWHUIDFH,QWKHUHVWRIWKH
IOXLGYROXPHYLVFRXVHIIHFWVDUHJHQHUDOO\
QHJOLJLEOH7KHUHODWLYHLQIOXHQFHRIYLVFRXV
IRUFHVZLOOWKXVEHJUHDWHUIRUFRPSOH[:(&
JHRPHWULHVWKDWKDYHODUJHZHWWHGVXUIDFH
DUHDVLQUHODWLRQWRWKHLULPPHUVHGYROXPHV
FRPSDUHGZLWKPRUHFRPSDFW:(&VKDSHV
WKDWKDYHORZHUUDWLRVRIZHWWHGDUHDWR
YROXPH)RUPDQ\WDQNVFDOH:(&VWKHQHW
LQIOXHQFHRIYLVFRXVIRUFHVRQERG\PRWLRQV
LVVPDOODQG)URXGHVFDOLQJFDQEHDVVXPHG
WREHVDWLVILHG7KLVDVVXPSWLRQWKDWWKHUDWLR
RILQHUWLDOIRUFHVWRJUDYLWDWLRQDOIRUFHVLVWKH
VDPHDWPRGHOVFDOHDQGDWIXOOVFDOHJHQHUDOO\
OHDGVWRFRQVHUYDWLYHSUHGLFWLRQVRIIXOOVFDOH
GHYLFHEHKDYLRXU$JRRGLQWURGXFWLRQWRWKH
YHU\LPSRUWDQWWRSLFRIVFDOHFDQEHIRXQGLQ
FKDSWHUVDQGRI1HZPDQ>@

3UDFWLFDOLPSOLFDWLRQVRI)URXGHVFDOLQJRQ
SRZHUWDNHRIIPRGHOLQJ
)RUZDYHHQHUJ\DSSOLFDWLRQVRQHRIWKHNH\
FRQVHTXHQFHVRI)URXGHVFDOLQJLVWKHVFDOLQJ
ODZRIZDYHSRZHU

/HWVEHWKHJHRPHWULFVFDOHEHWZHHQPRGHO
DQGIXOOVFDOHFRQGLWLRQV)URPLI)UDQGJ
DUHFRQVWDQWWKHQ8VFDOHVZLWK,QWHUPV
RIGLPHQVLRQV
ZKHUH8/DQG7DUHWKHGLPHQVLRQVRI
YHORFLW\OHQJWKDQGWLPHUHVSHFWLYHO\6RWLPH
VFDOHVDOVRZLWK,WFDQEHQRWHGWKDWWKLV
UHVXOWFDQDOVREHGHULYHGIURPWKHGLVSHUVLRQ
UHODWLRQRIJUDYLW\ZDYHV)RUWKHVDNHRI
VLPSOLFLW\FRQVLGHUWKHGHHSZDWHUFDVH7KH
GLVSHUVLRQUHODWLRQ\LHOGV

ZKHUHȜLVWKHZDYHOHQJWKDQG7WKHZDYH
SHULRGGHULYDWLRQRIFDQEHIRXQGLQ
6DUSND\DDQG,VDDFVRQ>@JLVWKHVDPH

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IRUERWKIXOOVFDOHDQGPRGHOFRQGLWLRQVVR
LVWUXHLQERWKFDVHV7KHUHIRUH7VFDOHV
ZLWK

7KHGLPHQVLRQVRISRZHUDUH
ZKHUH0LVWKHGLPHQVLRQRIPDVV$VPDVVLV
SURSRUWLRQDOWRYROXPH0VFDOHVZLWKVDQG
WKXVSRZHUVFDOHVZLWKV

'HSHQGLQJRQWKHVL]HRIWKHPRGHOVDQGWDQNV
XVHGWKHPRGHOVFDOHVDUHW\SLFDOO\RIWKH
RUGHURIWKWRWK$VVXPLQJDIXOO
VFDOHSRZHUWDNHRIIUDWHGDW0:WKHPRGHO
SRZHUUDWLQJZRXOGEHRIWKHRUGHURIWR
:7KLVPHDQVWKDWLQRUGHUWRVLPXODWHIXOO
VFDOHEHKDYLRXUDFFXUDWHO\SRZHUGLVVLSDWLRQ
GXHWRIULFWLRQORVVHVLQWKHPRGHOSRZHUWDNH
RIIVKRXOGEHNHSWYHU\ORZLGHDOO\GRZQ
WRWKHµPLOOLZDWW¶OHYHOIRUWKHVPDOOHUVFDOH
PRGHOV,WLVWKHUHIRUHLPSRUWDQWWRGHVLJQ
PRGHOVZLWKYHU\ORZIULFWLRQEHDULQJEHWZHHQ
PRYLQJSDUWV+\GURVWDWLFEHDULQJVKDYHYHU\
ORZIULFWLRQEXWWHQGWREHPRUHFRPSOH[WR
LPSOHPHQWWKDQEXVKRUEDOOEHDULQJV7D\ORU
DQG0DFND\>@KDYHVXFFHVVIXOO\XVHG
ZDWHUIHGK\GURVWDWLFEHDULQJVRQDPRGHO
SRZHUWDNHRII)XUWKHULQIRUPDWLRQRQ
K\GURVWDWLFEHDULQJVFDQEHIRXQGLQ6WDQV¿HOG
>@

)URXGHVFDOLQJRYHUYLHZ
8VLQJWKHVDPHUHDVRQLQJDVLQ³3UDFWLFDO
LPSOLFDWLRQVRI)URXGHVFDOLQJRQSRZHUWDNH
RIIPRGHOLQJ´SDJHWKHVFDOLQJRIYDULRXV
TXDQWLWLHVRILQWHUHVWFDQEHGHULYHG6RPHRI
WKHVHDUHVKRZQLQ7DEOH
6FDOHLVVXHVZLWKRVFLOODWLQJZDWHUFROXPQ
GHYLFHV
,QRVFLOODWLQJZDWHUFROXPQ2:&ZDYH
HQHUJ\FRQYHUWHUVWKHGLVSODFHPHQWRIWKH
ZDWHUFROXPQLVGULYHQE\K\GURG\QDPLF
HIIHFWV7KHSRZHUWDNHRIIPHFKDQLVPUHOLHV
RQDHURG\QDPLFVDVWKHDLULQWKH2:&
FKDPEHULVIRUFHGEDFNDQGIRUWKWKURXJKD
WXUELQH7KLVFRPELQDWLRQRIK\GURG\QDPLFV
 4XDQWLW\ 6FDOLQJ
ZDYHKHLJKWDQGOHQJWK
ZDYHSHULRG
ZDYHIUHTXHQF\
SRZHUGHQVLW\
V
V
V
V
OLQHDUGLVSODFHPHQW
DQJXODUGLVSODFHPHQW
V

OLQHDUYHORFLW\
DQJXODUYHORFLW\
V
V
OLQHDUDFFHOHUDWLRQ
DQJXODUDFFHOHUDWLRQ

V
PDVV
IRUFH
WRUTXH
SRZHU
V
V
V
V
OLQHDUVWLIIQHVV
DQJXODUVWLIIQHVV
V
V
OLQHDUGDPSLQJ
DQJXODUGDPSLQJ
V
V
Table 1: Froude scaling law for various quantities. s is the geometric 
scale. When the scaling is 1, it means that the value of the quantity is 
not affected by scale. The term “power density” refers to power per 
unit length.
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DQGDHURG\QDPLFVUHQGHUVVFDOLQJ
FRQVLGHUDWLRQVIRU2:&VPRUHFRPSOH[WKDQ
VWDQGDUG)URXGHDQVFDOLQJ

7KHK\GURG\QDPLFVLQWHUDFWLRQVEHWZHHQ
ZDYHVDQGWKH2:&DUHGRPLQDWHGE\LQHUWLDO
DQGJUDYLWDWLRQDOIRUFHV7KHDHURG\QDPLFV
RIWKHDLUYROXPHRIWKH2:&FKDPEHULV
GRPLQDWHGE\WKHFRPSUHVVLRQIRUFH)F
$VVXPLQJYROXPHGHIRUPDWLRQRIWKHFKDPEHU
LQRQHGLPHQVLRQDQGUHYHUVLEOHDQGDGLDEDWLF
FRQGLWLRQV

ZKHUH3LVWKHLQLWLDODLUSUHVVXUHțWKH
LVHQWURSLFH[SRQHQWDQGOWKHFKDUDFWHULVWLF
OHQJWK>:HEHU@%RWKLQHUWLDDQGSUHVVXUH
IRUFHVDFWDVUHVWRULQJIRUFHVLQWKHKHDYLQJ
PRWLRQRIWKHZDWHUFROXPQ0DLQWDLQLQJWKH
VDPHEDODQFHEHWZHHQWKHVHWZRDWPRGHODQG
IXOOVFDOHLQYROYHVNHHSLQJWKHUDWLR
FRQVWDQW)URPDQGNHHSLQJERWKWKH
)L)FUDWLRDQGWKH)URXGHQXPEHUFRQVWDQW
LQYROYHVNHHSLQJWKHUDWLR

FRQVWDQWZKLFKLVGLIILFXOWLQSUDFWLFH2QH
DSSURDFKWRDGGUHVVWKLVLVVXHLVWRGHVLJQD
PRGHOZLWKGLIIHUHQWVFDOHVDERYHDQGEHORZ
WKHZDWHUOLQH,QRWKHUZRUGVWKHKRUL]RQWDO
FURVVVHFWLRQRIWKHFKDPEHUUHPDLQVWKHVDPH
EXWWKHWRSSDUWRIWKHFKDPEHUFDQEHPDGH
KLJKHUWRLQFUHDVHLWVYROXPH7KLVKDVEHHQ
WULHGE\0DXQVHOODQG0XUSK\>@0RUH
LQIRUPDWLRQRQWKHWRSLFRI2:&VFDOLQJFDQ
EHIRXQGLQ:HEHU>@RQZKLFKWKLV
WUHDWPHQWLVEDVHG

3RZHU7DNH2II6\VWHP
6FDOHPRGHOLQJRISRZHUWDNHRIIPHFKDQLVPV
LVQRWVWUDLJKWIRUZDUG7KHWHFKQRORJLHV
VXLWDEOHIRUIXOOVFDOHGHYLFHVXVXDOO\GRQRW
OHQGWKHPVHOYHVWRGRZQVFDOLQJ7KLVLV
PDLQO\GXHWRWKHVFDOLQJIDFWRURISRZHULQ
)URXGHVFDOLQJVHH³3UDFWLFDOLPSOLFDWLRQVRI
)URXGHVFDOLQJRQSRZHUWDNHRIIPRGHOLQJ´RQ
SDJH7KLVLVWKHFDVHIRUK\GUDXOLFUDPV
ZKLFKDUHDQDWWUDFWLYHILUVWVWDJHIRUIXOOVFDOH
SRZHURIIVEXWZKRVHIULFWLRQORVVHVPDNH
WKHPXQVXLWDEOHIRUVFDOHGPRGHOV

7KHLGHDOPRGHOSRZHUWDNHRIIG\QDPRPHWHU
SURYLGHVDPHDQVRIDSSO\LQJDUELWUDULO\
GHILQHGIRUFHVEHWZHHQWKHZDYHGULYHQDQG
WKHUHDFWLYHERG\HOHPHQWVRIWKH:(&,WLV
FRQYHQLHQWLIWKHIRUFHVFDQEHDFFXUDWHO\
YDULHGDVOLQHDUIXQFWLRQVRIDFRQWUROYROWDJH
RUFXUUHQW7KHV\VWHPVKRXOGKDYHDVIHZ
DGGLWLRQDOPHFKDQLFDODUWLIDFWVDVSRVVLEOH)RU
H[DPSOHIULFWLRQORVVHVDQGPHFKDQLFDO
EDFNODVKVKRXOGEHPLQLPL]HG7\SLFDOO\WR
UHSUHVHQWSXUHGDPSLQJWKHIRUFHSURYLGHGE\
WKHG\QDPRPHWHUZLOOEHFRQILJXUHGWREH
SURSRUWLRQDOWRWKHUHODWLYHYHORFLW\RIWKH
ZDYHGULYHQPRWLRQVRIWKH:(&ERG\
HOHPHQWVDQGZLOODFWLQRSSRVLWLRQWRWKHP,Q
RUGHUWRH[SORUHPD[LPXPSRZHUFDSWXUH
WHFKQLTXHVWKHUHVKRXOGEHIHZOLPLWDWLRQVRQ
WKHNLQGRIFRQWURODOJRULWKPWKDWFDQEH
LPSOHPHQWHG:KHUHLWLVSRVVLEOHWRXVHWKHP
DPSOLILHUGULYHQ'&HOHFWULFPRWRUVSURYLGH
WKHEHVWPHDQVIRULPSOHPHQWLQJWKLVNLQGRI
FRQWURO7KHEHVWNLQGRI'&PRWRULVWKH
EUXVKOHVVW\SHDVPDGHE\$HURÀH[±DOWKRXJK
WKHLUOLPLWHGDQJXODUUDQJHPD\EHXQVXLWDEOH
IRUPDQ\PRGHOV'&PRWRUIRUFHLVGLUHFWO\


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SURSRUWLRQDOWRFXUUHQWVRFXUUHQWDPSOLILHUV
VKRXOGEHXVHG)RUDFFXUDWHUHVXOWVXQOHVVD
EUXVKOHVVPRWRULVXVHGVRPHPHDQVRI
PHDVXULQJWKHPRWRUIRUFHPD\EHUHTXLUHG
7\SLFDOO\WKLVZLOOLQYROYHWKHLQFRUSRUDWLRQRI
VWUDLQJDXJHGFRPSRQHQWVLQWKHIRUFHSDWK7KH
IOH[LELOLW\RIIHUHGE\WKHVHNLQGVRI
G\QDPRPHWHUV\VWHPVRIWHQPDNHVLWSRVVLEOHWR
GULYHWKH:(&LQFDOPZDWHULQRUGHUWRPHDVXUH
DQGFDOFXODWHLWVK\GURG\QDPLFFRHIILFLHQWV±
WKHDGGHGPDVVDQGWKHUDGLDWLRQGDPSLQJ

6RPHPHFKDQLFDOGDPSHUVFDQEHFDOLEUDWHG
ZLWKUHDVRQDEOHDFFXUDF\7KH\FDQWKHQEH
LPSOHPHQWHGLQPRGHOSRZHUWDNHRIIVWRFDUU\
RXWTXDQWLWDWLYHPHDVXUHPHQWV,WVKRXOGEH
QRWHGKRZHYHUWKDWZKHQXVLQJWKLVPHWKRG
WKHUHVLVWLQJIRUFHDSSOLHGWRWKHSULPHPRYHU
FDQQRWEHFRQWUROOHGZLWKWKHVDPHIUHHGRPDV
ZLWK'&PRWRUV0RUHRYHUWKDWIRUFHLVRIWHQ
QRWIXOO\OLQHDUZLWKWKHSULPHPRYHU
GLVSODFHPHQWRUYHORFLW\,QWKHFDVHRI2:&
DQHTXLYDOHQWDSSURDFKUHOLHVRQDHURG\QDPLF
GDPSHUV7KHVHDUHW\SLFDOO\FDUSHWVKHHWVRU
VOLWVKLPVZKRVHIORZWRSUHVVXUH
FKDUDFWHULVWLFVFDQEHFDOLEUDWHG>/XFDVHWDO
@([SHULPHQWHUVVKRXOGEHDZDUHWKDW
FDUSHWFKDUDFWHULVWLFVDUHDIIHFWHGE\WKH
PRLVWXUHOHYHORIWKHFDUSHW

&UXGHUSRZHUWDNHRIIVFDQDOVREHXVHG7KLV
GHSHQGVRQWKHVWDJHRILQYHVWLJDWLRQ
FRQVLGHUHG)RUHDUO\H[SHULPHQWDOWHVWVRQH
PLJKWRQO\EHLQWHUHVWHGLQTXDOLWDWLYH
DVVHVVPHQWVRIWKHLPSDFWRIWKHSRZHUWDNH
RIIUHVLVWDQFHWRWKHSULPHPRYHURQWKHPRGHO
EHKDYLRXU,QWKLVFDVHVRPHNLQGRIVLPSOH
IULFWLRQEUDNHPD\EHVXLWDEOH

,WLVLPSRUWDQWWRHPSKDVL]HWKDWWKHTXDOLW\RI
WKHPRGHOSRZHUWDNHRIIDIIHFWVGLUHFWO\WKH
UDQJHDQGWKHTXDOLW\RIWKHPHDVXUHPHQWVWKDW
FDQEHFDUULHGRXW7KHWHFKQRORJ\FKRVHQ
VKRXOGWKHUHIRUHEHDSSURSULDWHWRWKHVFRSH
RIWKHPRGHOWHVWLQJLQYHVWLJDWLRQ

6HQVRUV
6HQVRUVDQGWUDQVGXFHUVVKRXOGLQWHUIHUHDV
OLWWOHDVSRVVLEOHZLWKWKHEHKDYLRXURIWKH
PRGHOVWKDWWKH\DUHPHDVXULQJ,QPDQ\FDVHV
YLGHRPRWLRQWUDFNLQJGHYLFHVVXFKDVWKRVH
PDQXIDFWXUHGE\4XDOLV\V$%KDYHPDGH
³PRWLRQFDSWXUH´UHODWLYHO\HDV\DQGJHQHUDOO\
RQO\UHTXLUHWKHDWWDFKPHQWRIOLJKWZHLJKW
RSWLFDOPDUNHUVWRWKHPRGHO7KHVHV\VWHPV
FDQKRZHYHURQO\UHFRUG³H[WHUQDO´PRWLRQV
RIWKHPRGHODQGRWKHUW\SHVRIVHQVRUVDUH
RIWHQQHHGHGWRPHDVXUHRWKHUSK\VLFDO
TXDQWLWLHVRULQWHUQDOPRWLRQVRIWKHSRZHU
WDNHRII

6HQVRULPSOHPHQWDWLRQ
0RWLRQYHORFLW\DQGIRUFHVHQVRUVVKRXOG
JHQHUDOO\EHILWWHGDVFORVHO\DVSRVVLEOHWRWKH
SK\VLFDOSKHQRPHQRQWKH\DUHLQWHQGHGWR
PHDVXUH7KHLGHDLVWRDYRLGFRUUXSWLQJWKH
PHDVXUHPHQWVZLWKPHFKDQLFDODUWLIDFWVVXFK
DVEDFNODVKRUH[FHVVLYHIULFWLRQIURPOLQNDJHV
RUEHDULQJV)RUFHPHDVXUHPHQWXVXDOO\
LQYROYHVWKHLQFOXVLRQLQWRWKHIRUFHSDWKRI
FRPSOLDQWHOHPHQWVZKRVHGLPHQVLRQDO
FKDQJHVDUHFDSWXUHGE\VWUDLQJDXJHVRUSLH]R
FU\VWDOV7KHHIIHFWRIWKHFRPSOLDQFHLVXVXDOO\
WRORZHUWKHQDWXUDOIUHTXHQF\RIWKHV\VWHPRI
ZKLFKWKHVHQVRUIRUPVDSDUW:KHUHWKHIRUFH
VLJQDOLVSDUWRIDIRUFHIHHGEDFNORRSDVPLJKW
EHWKHFDVHZLWKDSRZHUWDNHRII
G\QDPRPHWHUFDUHPXVWEHWDNHQWRNHHSWKH
IRUFHSDWKPHFKDQLFDOO\VWLIIVRWKDWUHVRQDQFHV
DUHZHOODERYHWKHWDQNZDYHIUHTXHQF\EDQG
2WKHUZLVHLWPD\EHGLIILFXOWWRPDNHWKH
V\VWHPVWDEOH
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6LJQDOSURFHVVLQJ
:KHQSXWWLQJWRJHWKHUDGDWDDFTXLVLWLRQ
V\VWHPWRORJPHDVXUHPHQWVIURPVHQVRUVWKH
DLPLVDOZD\VWRJHWDVPXFK³VLJQDO´DQGDV
OLWWOH³QRLVH´DVSRVVLEOH

0RVWHOHFWULFDOQRLVHLVDWIUHTXHQFLHVWKDWDUH
YHU\PXFKKLJKHUWKDQWDQNZDYHIUHTXHQFLHV
DQGLVUHDVRQDEO\HDV\WRHOLPLQDWHE\WKH
FDUHIXOXVHRIORZSDVVILOWHUV+RURZLW]DQG
+LOO@+RZHYHULQWKHGHVLJQRI
HOHFWURQLFLQVWUXPHQWDWLRQRQHDOVRKDVWREH
YHU\FDUHIXOQRWWRSLFNXSVRPHGDQJHURXVO\
FORVHWRRU+]QRLVHIURPQHDUE\PDLQV
RSHUDWHGHOHFWULFDOHTXLSPHQW,WPXVWEH
HQVXUHGWKDWWKHGHVLJQRIWKHLQVWUXPHQWV
HOLPLQDWHVWKLV$QLPSRUWDQWUXOHLVWRQHYHU
VWDUWVHULRXVGDWDDFTXLVLWLRQXQWLOKDYLQJ
FKHFNHGWKHVLJQDOTXDOLW\DQGWKHFRPSDUDWLYH
DPRXQWRI³VLJQDOWRQRLVH´7KHUHLVRQO\RQH
ZD\WRGRWKLVDQGWKDWLVWRORRNDWHDFKVLJQDO
RQDQRVFLOORVFRSHZKLOVWWKHZDYHDQGPRGHO
V\VWHPVDUHUXQQLQJDWWKHORZHVWZDYH
DPSOLWXGHVWKDWZLOOEHXVHGGXULQJ
H[SHULPHQWV7KHG\QDPLFUDQJHRIDOORIWKH
VLJQDOVUHODWLYHWRWKHIXOOVFDOHUDQJHRIWKH
GDWDDFTXLVLWLRQV\VWHPVKRXOGDOVREHFKHFNHG
,GHDOO\WRJHWWKHEHVWUHVROXWLRQDOOLQFRPLQJ
VLJQDOVDWPD[LPXPYDOXHZLOOUHDFKDWOHDVW
WZRWKLUGVRIWKHGDWDDFTXLVLWLRQPD[LPXP,W
LVDOVRLPSRUWDQWWRNHHSFKHFNLQJWKHVLJQDO
TXDOLW\GXULQJH[SHULPHQWVLQFDVHDQ\VHQVRU
IDLOVRUVWDUWVWRJHWZHW

&RQYHQWLRQGLFWDWHVWKDWVLJQDOVWKDWDUHWREH
VDPSOHGE\DGDWDDFTXLVLWLRQV\VWHPVKRXOG
¿UVWEHSDVVHGWKURXJKDORZSDVVILOWHU
:LWKRXWVXFKILOWHULQJVLJQDOFRPSRQHQWVDW
IUHTXHQFLHVJUHDWHUWKDQKDOIRIWKHGDWD
VDPSOLQJIUHTXHQF\EUHDNWKURXJKLQWRWKH
VDPSOHGVLJQDOEDQGDV³DOLDVLQJ´VHH
³$OLDVLQJ´RQSDJH+RZHYHULWLVOLNHO\
WKDWRQHZLOOQRWDOZD\VEHXVLQJWKHVDPHGDWD
VDPSOLQJIUHTXHQF\VRLWPD\EHGLIILFXOWWR
GHFLGHRQWKHEHVWILOWHUFXWRIIIUHTXHQF\)RU
ORQJH[SHULPHQWVLWPLJKWVXIILFHWRVDPSOHDW
WZLFHWKHIUHTXHQF\RIWKHVKRUWHVWZDYH
FRPSRQHQW,QDQRWKHUH[SHULPHQWRQHPLJKW
ZDQWWRORRNDWWKHWUDQVLHQWHIIHFWVRID
EUHDNLQJZDYHDQGWRWKHUHIRUHVDPSOHDWD
PXFKKLJKHUUDWH±SHUKDSVXSWRVHYHUDO
KXQGUHGKHUW]

,IWKHVLJQDOVDUHYHU\FOHDQRQHPLJKWQRW
QHHGWRXVHDQ\ORZSDVVILOWHULQJ$PRUH
FRQVHUYDWLYHDSSURDFKLVWR³UROORIIDOOVLJQDOV
DWDIUHTXHQF\DURXQGN+]ZLWKILUVWRUGHU
ORZSDVVILOWHUV´7KHVHZLOOKDYHOLWWOHHIIHFW
RQWKHSKDVHVRIWKHPXFKORZHUIUHTXHQF\
ZDYHVLJQDOV,QDQ\HYHQWDIWHUVDPSOLQJDQ\
VXFKSKDVHHUURUVFRXOGEHVXEVHTXHQWO\
FRUUHFWHGLQWKHIUHTXHQF\GRPDLQ

0($685(0(17

7KHTXDQWLWLHVZKLFKDUHRILQWHUHVWWRPHDVXUH
LQWKHFRQWH[WRIWDQNWHVWLQJIRUZDYHHQHUJ\
DSSOLFDWLRQVDUHQXPHURXV7KLVVHFWLRQ
SURYLGHVJXLGHOLQHVRQWKHJHQHULFDVSHFWVRI
WDQNPHDVXUHPHQWDQGIRFXVHVRQZDYH
PHDVXUHPHQWVIURPKDUGZDUHWRPHWKRGVIRU
HVWLPDWLQJZDYHILHOGV

0HDVXUHPHQWVLQWKH&RQWH[WRI
)RXULHU$QDO\VLV
)UHTXHQF\DQDO\VLVLVDZLGHO\XVHGWHFKQLTXH
IRULQYHVWLJDWLQJSKHQRPHQDLQYROYLQJZDWHU
ZDYHV7KHJHQHUDOLGHDRI)RXULHUDQDO\VLVLV
EDVHGRQWKHIDFWWKDWDSHULRGLFIXQFWLRQIRI
SHULRG7FDQEHH[SUHVVHGDVWKHVXPRILWV
KDUPRQLFFRPSRQHQWV
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

ZKHUHWKHDNDQGENDUHWKH)RXULHUFRHIILFLHQWV
GHILQHGE\






%\ORRNLQJDWWKHDPSOLWXGHRIWKHFRHIILFLHQWV
RQHFDQDVVHVVWKHVSHFWUDOFRQWHQWRIWKH
VLJQDO0RUHLQIRUPDWLRQRQWKLVWRSLFFDQEH
IRXQGLQ1HZODQG>@

7KHPHWKRGFRPPRQO\XVHGWRFDUU\RXWD
VSHFWUDODQDO\VLVRIDGLVFUHWHWLPHVHULHV[SRI
1VDPSOHVS 1±LVWKH'LVFUHWH
)RXULHU7UDQVIRUP')7ZKLFKLVGHILQHG
XVLQJFRPSOH[QRWDWLRQDVIROORZV




7KH,QYHUVH'LVFUHWH)RXULHU7UDQVIRUPLV
JLYHQE\


7KH')7LVDSUDFWLFDOPHWKRGWRHVWLPDWHWKH
VSHFWUXPRIDFRQWLQXRXVWLPHVHULHV+RZHYHU
LWVKRXOGEHERUQHLQPLQGWKDWWKH')7GRHV
QRWRXWSXWWKHWUXHFRQWLQXRXVVSHFWUXPEXW
DQHVWLPDWHRILW7KHTXDOLW\RIWKHHVWLPDWHLV
GLUHFWO\LQIOXHQFHGE\WKHZD\WKHFRQWLQXRXV
WLPHVHULHVLVVDPSOHG
$OLDVLQJ
7KHVDPSOLQJIUHTXHQF\XVHGWRVDPSOHD
FRQWLQXRXVWLPHVHULHVGLFWDWHVWKHIUHTXHQF\
UDQJHDQGLPSDFWVRQWKHTXDOLW\RIWKH
VSHFWUXPFDOFXODWHGE\WKH')72QHVKRXOG
HQVXUHWKDWWKHVDPSOLQJIUHTXHQF\LVDWOHDVW
WZLFHWKDWRIWKHKLJKHVWIUHTXHQF\FRPSRQHQW
RIWKHWLPHVHULHV

:KHQVDPSOLQJDWIUHTXHQF\IVWKH')7
SURFHVVLVXQDEOHWRGLVWLQJXLVKEHWZHHQ
FRPSRQHQWVZKRVHIUHTXHQFLHVIDQGIDUH
V\PPHWULFDOZLWKUHVSHFWWRIVIIVDQGI
 IV±I)LJXUHLOOXVWUDWHVWKLVSKHQRPHQRQ
,WVKRZVWZRVLQHZDYHVRQHRIIUHTXHQF\
+]DQGWKHRWKHURI+]7KHFLUFOHV
UHSUHVHQWWKHVDPSOHGGDWDZLWKDVDPSOLQJ
IUHTXHQF\RI+]7KH+]VLQHZDYHKDV
GHOLEHUDWHO\EHHQVKLIWHGE\

,WFDQEHVHHQWKDWWKHVDPSOHGYDOXHVDUHWKH
VDPHIRUWKH+]DQGWKH+]VLQZDYHV

,QWKH')7RXWSXWWKHVXPRIWKHPHDVXUHG
DPSOLWXGHVRIWKHWZRFRPSRQHQWVHQGV
XSEHLQJHTXDOO\VSOLWEHWZHHQWKHWZR
IUHTXHQF\FRPSRQHQWVIDQGIHYHQLI
WKHLUWUXHUHVSHFWLYHDPSOLWXGHVDUHGLIIHUHQW
7KHRXWFRPHLVDVSHFWUXPV\PPHWULFDO
ZLWKUHVSHFWWRIV,IWKHWUXHDPSOLWXGHRI
FRPSRQHQWILV]HURWKH')7ZLOORXWSXWD
VSHFWUXPZLWKFRPSRQHQWVDWIUHTXHQFLHVI
DQGIZKRVHDPSOLWXGHVDUHHTXDOWRKDOIWKH
WUXHDPSOLWXGHRIFRPSRQHQWI%\GRXEOLQJ
WKHDPSOLWXGHRI')7FRPSRQHQWIDQG
GLVFDUGLQJ')7FRPSRQHQWVRIIUHTXHQF\
DERYHIVWKHWUXHVSHFWUXPFDQEHGHULYHG
7KLVLVKRZHYHUQRWSRVVLEOHZKHQWKH
DPSOLWXGHRIWKHWUXHFRPSRQHQWILVQRW
]HUR,QWKLVFDVHWKHVSHFWUXPREWDLQHGLV
GLVWRUWHGDQGGRHVQRWVXLWDEO\DSSUR[LPDWH



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Figure 2: Example of aliasing.
WKHWUXHVSHFWUXP7KLVFDQEHJHQHUDOL]HG
IRUDQ\QXPEHUVRIIUHTXHQF\FRPSRQHQWV
7KHSKHQRPHQRQLVFDOOHG³DOLDVLQJ´DQGIV
LVUHIHUUHGWRDVWKH³1\TXLVWIUHTXHQF\´RU
VRPHWLPHVWKH³IROGLQJIUHTXHQF\´0RUH
GHWDLORQWKDWWRSLFFDQEHIRXQGSDJHRI
1HZODQG>@

7RVXPPDUL]HWKHVDPSOLQJIUHTXHQF\KDV
WREHFKRVHQVRWKDWWKH1\TXLVWIUHTXHQF\LV
DERYHWKHIUHTXHQFLHVRIDOOWKHFRPSRQHQWV
RIWKHWLPHVHULHVDQGQRWRQO\RIWKHRQHV
RILQWHUHVW$SUDFWLFDOZD\WRDFKLHYHWKLVLV
WRXVHDQDSSURSULDWHORZSDVVILOWHUEHIRUH
VDPSOLQJWKHVLJQDO

)UHTXHQF\UHVROXWLRQ
7KHIUHTXHQF\UHVROXWLRQRIWKH')7LV
GHWHUPLQHGE\WKHVDPSOLQJGXUDWLRQ7REH
PRUHVSHFLILFLQWKH')7SURFHVVWKHWLPH
VHULHVLVFRUUHODWHGZLWKVLQXVRLGVZKRVH
IUHTXHQFLHVDUHLQWHJHUPXOWLSOHVRIWKHLQYHUVH
RIWKHVDPSOLQJGXUDWLRQ,QRWKHUZRUGVLIWKH
WLPHVHULHVLVVDPSOHGIRUDGXUDWLRQǻ7GXULW
ZLOOEHFRUUHODWHGZLWKVLQXVRLGVRIIUHTXHQF\

ZKHUH1LVWKHWRWDOQXPEHURIVDPSOHV7KH
IUHTXHQF\UHVROXWLRQRIWKH')7LVWKHUHIRUH
ǻ7GXU

/HWXVFRQVLGHUDWLPHVHULHVWKDWFRQVLVWVRID
VLQJOHVLQXVRLGRIIUHTXHQF\I,IWKHVDPSOLQJ
GXUDWLRQLVFKRVHQVRWKDWIGRHVQRW
FRUUHVSRQGWRDQ\RIWKHIUHTXHQFLHVRIWKH
FRUUHODWLRQVLQXVRLGVWKDWLVLIIINZLWKN 
1±WKHQWKHDPSOLWXGHRIWKHWUXH
FRPSRQHQWZLOOEHVSUHDGRYHUWKHQHDUHVW')7
FRPSRQHQWV7KLVSKHQRPHQRQLVFRPPRQO\
UHIHUUHGWRDV³VSLOOLQJ´7KLVLVLOOXVWUDWHGLQ
)LJXUHZKHUHWKHWLPHVHULHVLVDVLQXVRLGRI
DPSOLWXGHDQGIUHTXHQF\+]7KH
VDPSOHIUHTXHQF\LV+]DQGWKHVDPSOLQJ
GXUDWLRQLVV,WVKRXOGQRWHGWKDWIRUFODULW\
FRQVLGHUDWLRQWKHVSHFWUXPLVWUXQFDWHGDQG
GRHVQRWGLVSOD\WKHZKROHIUHTXHQF\UDQJHRI
WKH')7

:KHQWKHVDPSOLQJGXUDWLRQLVVXFKWKDWRQHRI
WKHINPDWFKHVIWKHUHVXOWLQJVSHFWUXPLV
PXFK³FOHDQHU´7KLVLVVKRZQLQ)LJXUH
ZKHUHWKHSDUDPHWHUVDUHWKHVDPHDVIRU
)LJXUHH[FHSWIRUWKHVDPSOLQJGXUDWLRQ
ZKLFKLVKHUHV

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,QRUGHUWRREWDLQJRRGTXDOLW\VSHFWUDIURP
')7LWLVUHFRPPHQGHGWRFKRRVHDVDPSOLQJ
IUHTXHQF\DQGDVDPSOLQJGXUDWLRQVRWKDWWKH
IUHTXHQF\RIHDFKFRPSRQHQWRIWKHWLPHVHULHV
DQDO\]HGLVPDWFKHGE\RQHRIWKHIN:KHQWKH
WLPHVHULHVLVGHULYHGIURPDWUXHQDWXUDO
SURFHVVOLNHZDYHHOHYDWLRQDWRQHSRLQWLQWKH
RFHDQWKLVLVQRWSRVVLEOHEHFDXVHWKHUHZLOOEH
DQLQILQLWHQXPEHURIIUHTXHQF\FRPSRQHQWV
,QDZDYHWDQNKRZHYHUWKHFRPPDQGVLJQDO
VHQWWRWKHZDYHPDNHUVLVXVXDOO\FRPSXWHG
E\,QYHUVH'LVFUHWH)RXULHU7UDQVIRUP,')7
VHH³:DYHJHQHUDWLRQ´RQSDJHDQG
WKHUHIRUHFRQWDLQVRQO\DILQLWHQXPEHURI
IUHTXHQF\FRPSRQHQWVZKLFKFDQEHPDWFKHG
E\WKHIN

3HULRGLFLW\RIWKHVLJQDO
7KHRUHWLFDOO\VSHDNLQJWKH')7SHUIRUPV
EHWWHULIWKHWLPHVHULHVDQDO\]HGLVSHULRGLF
DQGLIWKHVDPSOLQJGXUDWLRQFRUUHVSRQGVWRDQ
LQWHJHUPXOWLSOHRIWKHSHULRG,IWKHZDYH
JHQHUDWLRQV\VWHPRIWKHWDQNLVFRQWUROOHGLQD
GHWHUPLQLVWLFPDQQHUVHH³7KHGHWHUPLQLVWLF
DSSURDFK´RQSDJHWKHVDPSOLQJGXUDWLRQ
VKRXOGEHFKRVHQVRWKDWLWFRUUHVSRQGVWRDQ
LQWHJHUPXOWLSOHRIWKHSVHXGRSHULRGRUUHSHDW
WLPHRIWKHV\VWHP,IWKHVLJQDOVDPSOHGLVQRW
SHULRGLFLWLVUHFRPPHQGHGWRXVHDWDSHUHG
GDWDZLQGRZWRVPRRWKWKHGDWDDWERWKHQGVRI
WKHVDPSOHGWLPHVHULHVEHIRUHFDUU\LQJRXWWKH
')7$GDWDWDSHUHGZLQGRZLVEDVLFDOO\D
ZHLJKLQJIXQFWLRQZKLFKJLYHVPRUH
LPSRUWDQFHWRWKHPLGGOHRIWKHWLPHVHULHV
FRPSDUHGWRWKHH[WUHPLWLHV,WFDQEHVHHQDV
³PDNLQJ´WKHWLPHVHULHV³ORRN´PRUHSHULRGLF
E\VPRRWKO\EULQJLQJWKHYDOXHVRIERWKHQGV
WR]HUR7KLVSURFHVVLVLOOXVWUDWHGLQ)LJXUH
ZKHUHDFRVLQHWDSHUHGZLQGRZLVDSSOLHGWR
WKHWLPHVHULHVRIDUDQGRPVLJQDO,WVKRXOGEH
QRWHGWKDWSHULRGLFLW\³HQIRUFLQJ´E\GDWD
ZLQGRZLQJLVGRQHDWWKHFRVWRIGLVWRUWLQJ
GDWD0RUHLQIRUPDWLRQRQWKLVWRSLFFDQEH
IRXQGLQFKDSWHURI1HZODQG>@

)DVW)RXULHU7UDQVIRUP
7KHQDPH)DVW)RXULHU7UDQVIRUP))7UHIHUV
WRDQDOJRULWKPXVHGWRFRPSXWHWKH')7,W
ZDVRULJLQDOO\LQWURGXFHGE\&RROH\DQG7XNH\
>@,WLVSDUWLFXODUO\FRPSXWDWLRQDOO\
HIILFLHQWDQGDFFXUDWH,WKDVQRZEHFRPHWKH
VWDQGDUGPHWKRGIRUGHULYLQJWKH')77KHUH
DUHVHYHUDOYDULDWLRQVRIWKH))7DOJRULWKPEXW
WKHPRVWFRPPRQRQHVUHTXLUHWKHQXPEHURI
VDPSOHV1WREHDSRZHURI,ILWLVQRWWKH
FDVHPRVWDOJRULWKPVH[WHQGWKHQXPEHURI
VDPSOHVWRUHDFKWKHQHDUHVWSRZHURIE\
³DGGLQJ´]HURVDWWKHHQGRIWKHRULJLQDOWLPH
VHULHV7KLVUHVXOWVLQDVSLOOLQJSKHQRPHQRQ

:DYH0HDVXUHPHQW+DUGZDUH
7KHUHDUHVHYHUDOW\SHVRIZDYHJDXJHVXVHGWR
PHDVXUHZDYHVLQZDYHEDVLQV+HUHLVDEULHI
RYHUYLHZRIWKHWHFKQRORJLHVDYDLODEOH

)ORDWJDXJH
7KLVWHFKQLTXHUHOLHVRQPHDVXULQJWKHYHUWLFDO
GLVSODFHPHQWRIDIORDWIROORZLQJWKHZDWHU
VXUIDFH6XEPLOOLPHWUHDFFXUDF\KDVEHHQ
DFKLHYHGZLWKWKLVPHWKRGVHHFKDSWHURI
1HEHO>@7RDYRLGIROORZLQJHUURUVWKH
KHDYHPRWLRQRIWKHIORDWVKRXOGEHDVFORVHDV
SRVVLEOHWRWKHYHUWLFDOPRWLRQRIZDWHU
SDUWLFOHV7KLVLVDFKLHYHGE\HQVXULQJWKDWWKH
UDWLRRIWKHIORDWZDWHUSODQDUHDRYHUWKHIORDW
LQHUWLDLVDVKLJKDVSRVVLEOH7KHLGHDLVWR
PDNHVXUHWKDWWKHQDWXUDOIUHTXHQF\RIWKH
IORDWLQKHDYHLVPXFKKLJKHUWKDQWKH
IUHTXHQF\RIWKHPHDVXUHGZDYHV$
GHVFULSWLRQRIDJDXJHRIWKLVW\SHGHYHORSHGDW
WKH8QLYHUVLW\RI(GLQEXUJKFDQEHIRXQGRQ
SDJHRI-HIIUH\HWDO>@
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Figure 5: Application of a tapered window to a random signal. 
Figure 4: Spectrum without spilling (31/32 Hz signal sampled for 32s at 32 Hz). 
Figure 3: Spectrum exhibiting spilling due to inappropriate sampling duration (31/32 Hz signal sampled for 16s at 32 Hz).
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&DSDFLWDQFHJDXJH
:DYHJDXJHVRIWKLVW\SHW\SLFDOO\FRQVLVWRI
WZRYHUWLFDOPHWDOURGVSDUWO\LPPHUVHG2QH
RUERWKRIWKHURGVLVFRYHUHGZLWKDWKLQOD\HU
RIHOHFWULFDOLQVXODWRU7KHFDSDFLWDQFH
PHDVXUHGEHWZHHQWKHWZRURGVLVOLQHDUO\
GHSHQGDQWRQWKHLPPHUVLRQGHSWK
$OWHUQDWLYHO\WKHQRQLQVXODWHGHOHFWURGHFDQ
EHWDNHQDZD\DQGUHSODFHGE\WKHWDQN
HOHFWULFDOJURXQG0RUHLQIRUPDWLRQRQ
FDSDFLWDQFHZDYHJDXJHZRUNLQJSULQFLSOHFDQ
EHIRXQGLQ&OD\VRQ>@

7KHDGYDQWDJHRIWKLVWHFKQRORJ\LVWKDW
FDOLEUDWLRQLVIDLUO\VWDEOHZLWKWLPH2QWKH
RWKHUKDQGWKHLQVXODWLRQOD\HURQWKHURGVFDQ
EHDVRXUFHRIUHOLDELOLW\LVVXHV,QRUGHUWR
DFKLHYHUHDVRQDEO\KLJKFDSDFLWDQFHYDOXHV
WKHLQVXODWLRQFRDWLQJKDVWREHYHU\WKLQDQGLW
FDQWKHUHIRUHEHHDVLO\GDPDJHG

:DWHUVXUIDFHIROORZLQJJDXJH
7KLVWHFKQRORJ\UHOLHVRQDVHUYRGULYH
PHFKDQLFDOV\VWHPWUDFNLQJWKHZDWHUVXUIDFH
,WSURYLGHVDQDEVROXWHPHDVXUHPHQWRIWKH
ZDWHUOHYHODQGLVFDOLEUDWLRQIUHH

$SURWRW\SHRIWKLVW\SHRIJDXJHKDVEHHQEXLOW
DWWKH8QLYHUVLW\RI(GLQEXUJKXVLQJD
FDSDFLWLYHVHQVRUWRGHWHFWWKHZDWHUVXUIDFH
PPDFFXUDF\KDVEHHQDFKLHYHG0RUH
LQIRUPDWLRQFDQEHIRXQGLQ6SLQQHNHQ>@

8OWUDVRXQGJDXJH
7KHVHVHQVRUVVXFKDVWKRVHPDGHE\1RUWHN
EHDPKLJKIUHTXHQF\VRXQGYHUWLFDOO\
GRZQZDUGV6RPHRIWKHEHDPLVUHIOHFWHG
EDFNE\WKHPRYLQJZDWHUVXUIDFHDQGWKHZDYH
KHLJKWLVGHULYHGIURPWKHFRUUHVSRQGLQJWLPH
RIIOLJKW7KLVPHDVXUHPHQWLVLQYHUVHO\
SURSRUWLRQDOWRWKHVSHHGRIVRXQGLQDLUZKLFK
LVVHQVLWLYHWRWHPSHUDWXUHDQGKXPLGLW\DQGVR
FDOLEUDWLRQQHHGVWREHFDUULHGRXWUHJXODUO\$Q
LPPHUVHGWKUHHGHJUHHRIIUHHGRPXOWUDVRXQG
ZDYHPHDVXULQJV\VWHPZDVEXLOWE\5RJHUV
>@,WXVHGDQDFWLYHIORDWEDVHGSLH]R
³SLQJHU´DQGDQDUUD\RIWKUHHDFRXVWLF
UHFHLYHUVRQWKHWDQNIORRU

&RQGXFWLYHZDYHJDXJHV
&RQGXFWLYHZDYHJDXJHVW\SLFDOO\FRQVLVWRI
WZRWKLQSDUDOOHOYHUWLFDOPHWDOURGVSDUWO\
LPPHUVHG7KHZDWHUKHLJKWLVGHULYHGIURPWKH
FRQGXFWLYLW\EHWZHHQWKHURGVZKLFKLQFUHDVHV
ZLWKWKHLPPHUVLRQRIWKHURGV0RUH
LQIRUPDWLRQFDQEHIRXQGLQ&OD\VRQ>@

5HJXODUFDOLEUDWLRQLVUHTXLUHGDVWKHZDWHU
FRQGXFWLYLW\FKDQJHV,Q7KRPSVRQDQG/RQJ
>@LWLVVWDWHGWKDWDWWKH8QLWHG6WDWHV
$UP\(QJLQHHU:DWHUZD\V([SHULPHQW6WDWLRQ
ZDYHJDXJHVDUHFDOLEUDWHGVWDWLFDOO\DWOHDVW
WZLFHDGD\

,WDOVRVWDWHVWKDWLGHDOO\WKHFDOLEUDWLRQVKRXOG
EHG\QDPLFEXWWKDWJLYHQWKHFRPSOH[LW\RI
WKLVSURFHGXUHPRVWODERUDWRULHVUHO\RQVWDWLF
FDOLEUDWLRQ,WLVUHFRPPHQGHGWRUXQZDYHVLQ
WKHWDQNIRUDIHZPLQXWHVEHIRUHFDOLEUDWLQJ
WKHJDXJHVLQRUGHUWRPL[WKHZDWHUWRPDNH
WKHFRQGXFWLYLW\WKHVDPHHYHU\ZKHUHLQWKH
WDQN

2SWLFDOJDXJH
7KLVWHFKQLTXHUHOLHVRQWKHSULQFLSOHRI
WULDQJXODWLRQ$VSRWFUHDWHGE\WKHVFDWWHULQJ
RIODVHUOLJKWDWWKHZDWHUVXUIDFHLVGHWHFWHGE\
DQRIID[LVFDPHUD7KHLPDJHVIURPWKH
FDPHUDDUHSURFHVVHGWRGHULYHWKHFHQWURLGRI
WKHVSRW7KHFHQWURLGSRVLWLRQLVWUDQVIRUPHG
LQWRDKHLJKWYDOXHXVLQJDSRO\QRPLDOEHVWILW
IXQFWLRQHVWDEOLVKHGE\FDOLEUDWLRQ7KLVLV
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Figure 6: Schematic of an optical wave gauge.
VXPPDUL]HGLQ)LJXUHZKHUHKHLJKW
PHDVXUHPHQWVDUHVKRZQIRUDZDYHFUHVWLQ
UHGDQGDWURXJKLQEOXH

2SWLFDOJDXJHVDUHQRQFRQWDFWVRWKH
PHDVXUHPHQWVDUHQRWELDVHGE\VXUIDFHWHQVLRQ
DVLQFDSDFLWLYHDQGFRQGXFWLYHZDYHJDXJHV
ZKLFKVXIIHUIURPPHQLVFXVHIIHFW2SWLFDO
VHQVLQJDOORZVDGMXVWDEOHUHVROXWLRQE\FKRLFH
RIWKHFDPHUDRSWLFVPDJQLILFDWLRQ6XE
PLOOLPHWUHDFFXUDFLHVKDYHEHHQDFKLHYHGRQ
ZDYHVZLWKPRUHWKDQPPSHDNWRWURXJK
KHLJKW7KHFDOLEUDWLRQRIVXFKJDXJHVLV
VWUDLJKWIRUZDUGDQGVWDEOH

7ZR'LPHQVLRQDO:DYH5HIOHFWLRQ
,QDERXQGHGIOXLGGRPDLQVXFKDVDZDYHWDQN
RUDZDYHIOXPHZDYHUHIOHFWLRQVIURPWKH
ERXQGDULHVRIWKHEDVLQDUHXQDYRLGDEOH
0RUHRYHUWKHSUHVHQFHRIDPRGHOLQWKHWDQN
ZLOODOVROHDGWRZDYHUHIOHFWLRQV,WLV
WKHUHIRUHLPSRUWDQWWRZRUNRXWWKHLQFLGHQW
DQGUHIOHFWHGZDYHSDUDPHWHUV
$QHDUO\PHWKRGZKLFKFDQRQO\EHXVHGZLWK
UHJXODUZDYHVFRQVLVWVLQSODFLQJWZRZDYH
SUREHVDOLJQHGZLWKWKHGLUHFWLRQRI
SURSDJDWLRQRIWKHZDYHVDQGDTXDUWHURIWKH
ZDYHOHQJWKDSDUW:KLOHPDLQWDLQLQJFRQVWDQW
GLVWDQFHEHWZHHQWKHWZRSUREHVWKH\DUH
WUDQVODWHGDORQJWKHZDYHSURSDJDWLRQGLUHFWLRQ
XQWLORQHLVORFDWHGDWDQRGHDQGWKHRWKHURQH
DWDQDQWLQRGHRIWKHVWDQGLQJZDYHSDWWHUQ
FUHDWHGE\WKHUHIOHFWLRQ7KLVLVHDV\WRGRLI
WKHJDXJHVDUHSURSHUO\FDOLEUDWHGDQGLIDUHDO
WLPHVLJQDOSURSRUWLRQDOWRWKHGLIIHUHQFHLQZDYH
KHLJKWVDWWKHWZRJDXJHVLVYLVLEO\GLVSOD\HG
$YHUDJLQJWKHVLJQDOEHWZHHQWKHWZRSUREHV
\LHOGVWKHLQFLGHQWZDYHDPSOLWXGH'LYLGLQJ
E\WZRWKHGLIIHUHQFHEHWZHHQWKHWZRSUREHV
VLJQDO\LHOGVWKHUHIOHFWHGZDYHDPSOLWXGH

7KHDERYHPHWKRGLVPRVWSUDFWLFDOLQQDUURZ
ZDYHWDQNV,WLVUHVWULFWHGWRUHJXODUZDYHVDQG
SULRUNQRZOHGJHRIWKHZDYHOHQJWKLVUHTXLUHG
$ODUJHERG\RIZRUNRQPRUHYHUVDWLOH
PHWKRGVIRU'ZDYHUHIOHFWLRQDQDO\VLVLV
Renewable Ocean Energy, Vol. 4, No. 4, 2009  55
NOT FOR REPRODUCTION
Copyright Journal of Ocean Technology 2009
UHSRUWHGLQWKHOLWHUDWXUH7KLVFRPHVPDLQO\
IURPWKH¿HOGRIFRDVWDOHQJLQHHULQJ

:DYHHOHYDWLRQVDUHUHFRUGHGVLPXOWDQHRXVO\DWD
QXPEHURIORFDWLRQVDWOHDVWWZRLQDOLQHSDUDOOHO
WRWKHGLUHFWLRQRISURSDJDWLRQRIWKHZDYHV
ZLWKDNQRZQVSDFLQJEHWZHHQWKHZDYHSUREHV

$)RXULHUWUDQVIRUPLVWKHQDSSOLHGWRWKHWLPH
VHULHVWRGHULYHWKHGLIIHUHQWIUHTXHQF\
FRPSRQHQWVRIWKHZDYHILHOG)RUHDFKRI
WKHVHWKHSDUDPHWHUVRIWKHLQFLGHQWDQG
UHIOHFWHGZDYHVDUHFRPSXWHG:KHQZRUNLQJ
ZLWKUHJXODUZDYHVWKH)RXULHUWUDQVIRUPLV
JHQHUDOO\XVHGWRILQGRXWWKHIXQGDPHQWDO
IUHTXHQF\RIWKHZDYH

9DULRXVPHWKRGVDUHWKHQDYDLODEOHWRFRPSXWH
WKHLQFLGHQWDQGUHIOHFWHGZDYHSDUDPHWHUV

7KH*RGDDQG6X]XNLPHWKRG
7KHHDUOLHVWDQGVLPSOHVWWHFKQLTXHLV
GHVFULEHGLQ7KRUQWRQDQG&DOKRXQ>@DQG
*RGDDQG6X]XNL>@DQGLVRIWHQUHIHUUHG
WRDVWKH*RGDDQG6X]XNLPHWKRG,WLQYROYHV
RQO\WZRPHDVXULQJORFDWLRQV)RUDUHJXODU
ZDYHLWDVVXPHVWKDWWKHZDYHHOHYDWLRQ
PHDVXUHGDWHDFKSUREHLVWKHVXPRIWZR
VLQXVRLGVRIWKHVDPHIUHTXHQF\WUDYHOOLQJLQ
RSSRVLWHGLUHFWLRQV7KHPHWKRG\LHOGVWKH
DPSOLWXGHRIWKHLQFLGHQWDQGUHIOHFWHGZDYHV
DVZHOODVWKHSKDVHVKLIWEHWZHHQWKHWZR
'HWDLOVRQWKHLPSOHPHQWDWLRQRIWKHPHWKRG
FDQEHIRXQGLQ*RGDDQG6X]XNL>@IRU
UDQGRPZDYHDSSOLFDWLRQVDQGLQ,VDDFVRQ
>@IRUWKHFDVHRIUHJXODUZDYHV,WLV
LPSRUWDQWWRSRLQWRXWWKDWWKHPHWKRGH[KLELWV
VLQJXODULWLHVZKHQWKHSUREHVSDFLQJLVHTXDOWR
DQLQWHJHUQXPEHURIKDOIZDYHOHQJWKV,WLV
WKHUHIRUHUHFRPPHQGHGWRDYRLGWKHYLFLQLW\
RIWKHVLQJXODULWLHV7KLVLVXQIRUWXQDWHO\QRW
DOZD\VSRVVLEOHZKHQDQDO\]LQJUHIOHFWLRQVLQ
UDQGRPZDYHVHVSHFLDOO\ZLWKDZLGH
VSHFWUXPUDQJH$FRPSURPLVHQHHGV
WKHUHIRUHWREHPDGHZKLFKXVXDOO\LQYROYHV
JLYLQJKLJKHUZHLJKLQJVWRWKHIUHTXHQF\EDQGV
RILQWHUHVWDURXQGWKHSHDNIUHTXHQFLHVIRU
H[DPSOH0RUHGHWDLOVRQWKHUDQJHRI
DSSOLFDWLRQRIWKLVPHWKRGFDQEHIRXQGLQWKH
WZRSUHYLRXVO\FLWHGUHIHUHQFHV

7KH0DQVDUGDQG)XQNHPHWKRG
7KH0DQVDUGDQG)XQNHPHWKRG>0DQVDUGDQG
)XQNH@LVWKHPRVWFRPPRQO\XVHG,W
XVHVWKUHHZDYHSUREHVDQGFDQEHFRQVLGHUHG
DVDQLPSURYHPHQWRIWKH*RGDDQG6X]XNL
DSSURDFK$VIRUWKHODWWHUVLQXVRLGVDUHILWWHG
WRWKHLQFLGHQWDQGUHIOHFWHGZDYHVEXWWKHGDWD
IURPWKHH[WUDSUREHPDNHVLWSRVVLEOHWR
PLQLPL]HWKHVTXDUHGHUURUEHWZHHQWKH
RXWFRPHRIWKHILWWLQJVDQGWKHPHDVXUHGZDYH
HOHYDWLRQV7KHPDLQDGYDQWDJHRIWKLVPHWKRG
LVWRPDNHWKHZDYHUHIOHFWLRQDQDO\VLVOHVV
VHQVLWLYHWRWKHQRLVHFRQWDPLQDWLQJWKH
PHDVXUHPHQWV>,VDDFVRQ@$VZLWKWKH
SUHYLRXVDSSURDFKWKH0DQVDUGDQG)XQNH
PHWKRGH[KLELWVVLQJXODULWLHV,IWKHWKUHH
SUREHVDUHHTXLGLVWDQWWKHPHWKRGEUHDNVGRZQ
ZKHQWKHVSDFLQJEHWZHHQWZRDGMDFHQWSUREHV
LVDQLQWHJHUQXPEHURIKDOIZDYHOHQJWKVDVIRU
WKHSUHYLRXVPHWKRG,IWKHSUREHVDUHQRW
HTXLGLVWDQWWKHFRQGLWLRQVRIRFFXUUHQFHRIWKH
VLQJXODULWLHVDUHPRUHFRPSOH[DQGFDQEH
IRXQGLQ,VDDFVRQ>@DQG0DQVDUGDQG
)XQNH>@

'LVFXVVLRQ
,Q,VDDFVRQ>@WKHDXWKRUSUHVHQWVD
FRPSDUDWLYHVWXG\RIWKHWZRDERYHPHWKRGV
IRUUHJXODUZDYHV+HFDUULHVRXWDVHQVLWLYLW\
DQDO\VLVRQWKHDFFXUDF\RIWKHLQFLGHQWDQG
UHIOHFWHGZDYHSDUDPHWHUVWRHUURUVRQWKH
56   The Journal of Ocean Technology • Reviews & Papers
NOT FOR REPRODUCTION
Copyright Journal of Ocean Technology 2009
PHDVXUHGZDYHHOHYDWLRQV7KH0DQVDUGDQG
)XQNHLVIRXQGWREHWKHPRVWDFFXUDWH

,WLVLPSRUWDQWWRSRLQWRXWWKDWWKHWZRPHWKRGV
DUHEDVHGRQOLQHDUGLVSHUVLRQWKHRU\,QRWKHU
ZRUGVWKH\DVVXPHWKDWWKHLQFLGHQWDQG
UHIOHFWHGZDYHVDUHSHUIHFWVLQXVRLGVZKLFKLV
QRWWKHFDVHLQUHDOLW\7KLVLVLOOXVWUDWHGLQ
0DQVDUGDQG)XQNH>@ZKHUHWKHDXWKRUV
UHSRUWWKDWIRUUHJXODUZDYHVWKHLQFLGHQWDQG
UHIOHFWHGZDYHKHLJKWVHVWLPDWHGE\WKHLU
PHWKRGDUHWRRVPDOOFRPSDUHGWRWKHZDYH
KHLJKWVGHULYHGIURP]HURFURVVLQJDQDO\VLV
7KHSURFHVVRIILWWLQJVLQXVRLGVWRWKHZDYH
ILHOGGLVFDUGVWKHERXQGKDUPRQLFVIURPWKH
DQDO\VLVZKHUHDVWKHZDYHKHLJKWFRPSXWDWLRQ
UHO\LQJRQD]HURFURVVLQJDSSURDFKGRHVQRW

0XOWLGLUHFWLRQDO:DYH6SHFWUD
:KHQDQDO\]LQJWKHSHUIRUPDQFHRIDZDYH
HQHUJ\FRQYHUWHUPRGHOLQDGLUHFWLRQDOZDYH
WDQNLWLVLPSRUWDQWWRHVWLPDWHDVDFFXUDWHO\DV
SRVVLEOHWKHLQFLGHQWZDYHFRQGLWLRQVWRZKLFK
WKHPRGHOLVH[SRVHG

0DQ\WHFKQLTXHVIRUGHULYLQJGLUHFWLRQDO
FKDUDFWHULVWLFVRIZDYHILHOGVDUHUHSRUWHGLQ
WKHOLWHUDWXUH0RVWRIWKHPZHUHGHYHORSHGE\
RFHDQRJUDSKHUVWRPHDVXUHZDYHVLQWKHUHDO
VHDV%HQRLWHWDO>@JLYHDJRRGRYHUYLHZ
RIWKRVHGLIIHUHQWWHFKQLTXHVDQGWKHSUHVHQW
VHFWLRQZLOOEURDGO\IROORZWKLVSDSHU

7KHGHSHQGHQF\RIWKHHQHUJ\VSHFWUXPRQ
IUHTXHQF\DQGGLUHFWLRQLVGHVFULEHGE\WKH
HQHUJ\VSHFWUXP(ȦșZKLFKLVDIXQFWLRQRI
WKHZDYHDQJXODUIUHTXHQF\ȦDQGRIWKHZDYH
GLUHFWLRQRISURSDJDWLRQș(LVDQHQHUJ\SHU
XQLWVHDVXUIDFHSHUXQLWIUHTXHQF\DQGSHUXQLW
DQJOH7KHXQLWRI(LVWKHUHIRUH-P+]UDG
EXWLVVRPHWLPHH[SUHVVHGDV1P+]UDG
,WLVDOVRFRPPRQWRDQDO\]HDZDYHILHOGLQWHUPV
RIGLUHFWLRQDOYDULDQFHVSHFWUXP6Ȧș7KLV
FRUUHVSRQGVWRWKHYDULDQFHRIWKHZDYHHOHYDWLRQ
ZKLFKLVSURSRUWLRQDOWRWKHZDYHHQHUJ\




ZKHUHȡLVWKHZDWHUGHQVLW\DQGJWKH
JUDYLWDWLRQDODFFHOHUDWLRQ6ȦșLVRIWHQ
UHIHUUHGWRDVWKHGLUHFWLRQDOIUHTXHQF\
VSHFWUXPDQGLWVXQLWLVP+]UDG

7RLOOXVWUDWHWKHSK\VLFDOPHDQLQJRIWKH
GLUHFWLRQDOIUHTXHQF\VSHFWUXPLWLVXVHIXOWR
FRQVLGHUWKHZDYHILHOGDVDVXSHUSRVLWLRQRIDQ
LQILQLWHQXPEHURIZDYHIURQWVRIGLIIHUHQW
IUHTXHQFLHVWUDYHOOLQJLQGLIIHUHQWGLUHFWLRQV
$VVXPLQJOLQHDULW\WKHZDYHHOHYDWLRQȘ[\
WDWDSRLQWRIVSDWLDOFRRUGLQDWHV[\DWWLPH
WLVJLYHQE\

ZKHUHWKHDQ¶VDUHWKHZDYHIURQWDPSOLWXGHV
WKHNQ¶VWKHZDYHQXPEHUVWKHșQ¶VWKHDQJOHV
FRUUHVSRQGLQJWRWKHGLUHFWLRQRISURSDJDWLRQ
RIWKHZDYHIURQWVWKHȦQ¶VWKHDQJXODU
IUHTXHQFLHVDQGWKHQ¶VWKHSKDVHV,IWKH
Q¶VDUHGLVWULEXWHGEHWZHHQDQGʌZLWK
DXQLIRUPSUREDELOLW\GHQVLW\6ȦșGȦGș
UHSUHVHQWVWKHFRQWULEXWLRQWRWKHYDULDQFHRI
WKHZDYHHOHYDWLRQGXHWRZDYHFRPSRQHQWV
ZLWKIUHTXHQFLHVEHWZHHQȦDQGȦGȦDQG
GLUHFWLRQVEHWZHHQșDQGșGș
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

,WLVFRPPRQSUDFWLFHWRGHFRPSRVHWKH
GLUHFWLRQDOYDULDQFHVSHFWUXPDVIROORZV

ZKHUH6ȦLVWKH³QRQGLUHFWLRQDO´YDULDQFH
VSHFWUXPZKLFKLVUHODWHGWR6ȦșE\

DQG'ȦșLVWKH'LUHFWLRQDO6SUHDGLQJ
)XQFWLRQ'6)ZKLFKVDWLVILHVWKHWZR
IROORZLQJSURSHUWLHV






(VWLPDWLRQRIWKHGLUHFWLRQDOIUHTXHQF\
VSHFWUXP
7KHHVWLPDWLRQRIWKHGLUHFWLRQDOIUHTXHQF\
VSHFWUXPUHTXLUHVWKHPHDVXUHPHQWRIDVHWRI
TXDQWLWLHVDVVRFLDWHGZLWKWKHZDYHILHOG7KH
PRVWFRPPRQTXDQWLW\UHFRUGHGLQDZDYH
WDQNLVWKHVXUIDFHHOHYDWLRQ(OHYDWLRQDWRQH
SRLQWLVQRWVXIILFLHQWWRGHULYHGLUHFWLRQDO
LQIRUPDWLRQDQGRQHKDVWRUHFRUGDWOHDVWWKUHH
GLIIHUHQWORFDWLRQVWRGRVR7KHGLUHFWLRQDO
IUHTXHQF\VSHFWUXPFDQDOVREHFRPSXWHGIURP
DVLQJOHSRLQWPHDVXUHPHQWEXWLQWKLVFDVH
RWKHUTXDQWLWLHVKDYHWREHUHFRUGHGLQDGGLWLRQ
WRVXUIDFHHOHYDWLRQ7KLVWHFKQLTXHLVW\SLFDOO\
XVHGLQWKHUHDOVHDXVLQJDKHDYHSLWFKUROO
EXR\7KHSUHVHQWGRFXPHQWIRFXVHVRQPXOWL
SRLQWVXUIDFHHOHYDWLRQVLQFHLWLVWKHPRVW
ZLGHO\XVHGWHFKQLTXHLQZDYHWDQNV0RUH
LQIRUPDWLRQRQWKHRWKHUPHWKRGVFDQEHIRXQG
LQ%HQRLWHWDO>@

0RVWPHWKRGVIRUHVWLPDWLQJWKHGLUHFWLRQDO
IUHTXHQF\VSHFWUXPUHO\RQWKHUHODWLRQVKLS
EHWZHHQWKHFURVVVSHFWUDRIWKHVXUIDFH
HOHYDWLRQDWGLIIHUHQWSRLQWVDQG6Ȧș:H
ZLOODVVXPHWKDW0ZDYHJDXJHVDUHXVHGWR
PHDVXUHVLPXOWDQHRXVO\WKHVXUIDFHHOHYDWLRQ
DW0GLIIHUHQWORFDWLRQV7KHFURVVVSHFWUDRU
FURVVFRYDULDQFHVSHFWUDOGHQVLW\EHWZHHQWZR
VXUIDFHHOHYDWLRQVLJQDOVȘSDQGȘTIURPSUREHV
SDQGTZLWKST0DQGSTLVWKH)RXULHU
WUDQVIRUPRIWKHFURVVFRUUHODWLRQEHWZHHQWKH
WZRVLJQDOV5LJRURXVGHILQLWLRQVRIFRUUHODWLRQ
DQGVSHFWUDOGHQVLW\FDQEHIRXQGLQFKDSWHUV
DQGRI1HZODQG>@UHVSHFWLYHO\,QWKH
SUHVHQWFRQWH[WWKHFURVVFRUUHODWLRQEHWZHHQ
ȘSDQGȘTLVGHILQHGE\



DQGWKHFRUUHVSRQGLQJFURVVVSHFWUDE\



$VVXPLQJOLQHDUZDYHWKHRU\DQGDVVXPLQJ
WKDWWKHSKDVHVRIWKHGLIIHUHQWFRPSRQHQWVRI
WKHZDYHILHOGDUHUDQGRPO\GLVWULEXWHGWKH
UHODWLRQVKLSEHWZHHQWKHGLUHFWLRQDOIUHTXHQF\
VSHFWUXPDQGWKHFURVVVSHFWUDLVDVIROORZV





7KHYHFWRUNLVWKHZDYHQXPEHUYHFWRUGHILQHG
E\

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[SDQG[TDUHWKHYHFWRUVFRUUHVSRQGLQJWRWKH
ORFDWLRQRIZDYHJDXJHSDQGTUHVSHFWLYHO\
,WVKRXOGEHQRWHGWKDWLVPRUHFRPSOH[
ZKHQWKHTXDQWLWLHVPHDVXUHGDWSRLQWSDQG
TDUHGLIIHUHQWIURPVXUIDFHHOHYDWLRQ0RUH
GHWDLOVRQWKDWWRSLFFDQEHIRXQGLQ%HQRLWHW
DO>@

(VWLPDWLQJWKHGLUHFWLRQDOIUHTXHQF\VSHFWUXP
LQYROYHVFRPSXWLQJWKHFURVVVSHFWUDIURP
DOOWKHSDLUVRIZDYHJDXJHVDQGWKHQLQYHUWLQJ
WKHUHODWLRQVKLSJLYHQE\7KHODWHU
RSHUDWLRQLVWKHPRVWFRPSOH[DQGWHGLRXV
:LWKDQLQILQLWHQXPEHURIZDYHJDXJHV6Ȧ
șFDQEHLQSULQFLSOHGHWHUPLQHGXQLTXHO\
,QSUDFWLFHWKHUHLVRQO\DILQLWHQXPEHURI
SUREHVW\SLFDOO\ILYHWRVHYHQDQGVRWKH
PDWKHPDWLFDOSUREOHPLVQRWIXOO\GHILQHG
&RQVHTXHQWO\VRPHDVVXPSWLRQVRQ6ȦșDUH
UHTXLUHGWR\LHOGDXQLTXHVROXWLRQ

6HYHUDOSUDFWLFDOPHWKRGVDUHDYDLODEOHIRU
HVWLPDWLQJWKHGLUHFWLRQDOIUHTXHQF\VSHFWUXP
1RQHRIWKHPLVSHUIHFWWKH\DOOKDYHSURV
DQGFRQV7KLVGRFXPHQWZLOOEULHIO\SUHVHQW
DQGGLVFXVVWKHWZRPRVWZLGHO\XVHG$PRUH
H[WHQVLYHUHYLHZRIWKHDYDLODEOHPHWKRGVFDQ
EHIRXQGLQ%HQRLWHWDO>@

7KHPD[LPXPOLNHOLKRRGPHWKRG
7KH0D[LPXP/LNHOLKRRG0HWKRG0/0ZDV
RULJLQDOO\LQWURGXFHGE\&DSRQHWDO>@LQ
WKHILHOGRIVHLVPLFZDYHGHWHFWLRQ7KH0/0
UHOLHVRQWKHDVVXPSWLRQWKDWWKHHVWLPDWHRI
WKHGLUHFWLRQDOIUHTXHQF\VSHFWUXPȦș
FDQEHH[SUHVVHGDVDOLQHDUFRPELQDWLRQRI
WKHFURVVVSHFWUDEHWZHHQWKHVXUIDFHHOHYDWLRQ
PHDVXUHPHQWV



([SUHVVLQJ*STȦIURP\LHOGV






:KHUH





FDQEHUHZULWWHQDV

:KHUH


,QȦșFDQEHVHHQDVH[SUHVVHGDV
WKHFRQYROXWLRQSURGXFWRIWKHWUXHGLUHFWLRQDO
IUHTXHQF\VSHFWUXPE\WKHZLQGRZIXQFWLRQ
ZȦșș
7KHPRUHZȦșș
WHQGVWRZDUG
D'LUDFIXQFWLRQWKHEHWWHUHVWLPDWHȦș
LVRI6Ȧș,VREHDQG.RQGR>@KDYH
VKRZQWKDWWKLVLVEHVWDFKLHYHGZKHQ





ZKHUHWKHȦVWDQGVIRUWKHHOHPHQWV
RIWKHLQYHUVHRIWKHFURVVVSHFWUDOPDWUL[
7KHIDFWRUțLVGHULYHGE\HQVXULQJWKDWWKH
LQWHJUDORIȦșRYHUWKH>ʌ@LQWHUYDOLV
HTXDOWRWKHPHDVXUHGQRQGLUHFWLRQDOYDULDQFH
VSHFWUXPVHHHTXDWLRQVDQG

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
Renewable Ocean Energy, Vol. 4, No. 4, 2009  59
NOT FOR REPRODUCTION
Copyright Journal of Ocean Technology 2009
7KH0/0LVRIWHQFRQVLGHUHGDVRQHRIWKH
EHVWPHWKRGVIRUHVWLPDWLQJWKHGLUHFWLRQDO
IUHTXHQF\VSHFWUXPDQGLWLVZLGHO\XVHG
%HQRLWDQG7HLVVRQ>@KDYHVKRZQ
KRZHYHUWKDWWKLVPHWKRGWHQGVWRRYHUHVWLPDWH
WKHZLGWKRIWKHGLUHFWLRQDOSHDNVRIWKHWUXH
VSHFWUXP

,WVKRXOGEHPHQWLRQHGWKDWWKH0/0GRHVQRW
SHUIRUPDVZHOOLQWKHSUHVHQFHRIUHIOHFWHG
ZDYHV7KLVLVEHFDXVHUHIOHFWLRQLQWURGXFHV
SKDVHORFNLQJVHH³3KDVHORFNLQJ´RQSDJH
ZKLFKPHDQVWKDWWKHSKDVHRIWKHGLIIHUHQW
ZDYHFRPSRQHQWVIRUPLQJWKHZDYHILHOGDUH
QRORQJHUUDQGRPO\GLVWULEXWHG0RUHGHWDLOV
RQWKH0/0SHUIRUPDQFHZLWKUHIOHFWHGZDYHV
FDQEHIRXQGLQ'DYLGVRQHWDO>@

7KH%D\HVLDQGLUHFWLRQDOPHWKRG
7KH%D\HVLDQ'LUHFWLRQDO0HWKRG%'0
UHOLHVRQWKH%D\HVLDQSUREDELOLW\WHFKQLTXHWR
HVWLPDWHWKHGLUHFWLRQDOIUHTXHQF\VSHFWUXP
7KH%D\HVLDQDSSURDFKZDVILUVWLQWURGXFHG
WRZDYHGLUHFWLRQDOLW\DQDO\VLVE\+DVKLPRWR
DQG.REXQH>@,WKDVWKHDGYDQWDJHWKDWLW
GRHVQRWUHTXLUHDQ\DVVXPSWLRQRQWKHVKDSH
RIWKH'LUHFWLRQDO6SUHDGLQJ)XQFWLRQ'6)
H[FHSWWKDWLWFDQEHH[SUHVVHGDVDSLHFHZLVH
FRQVWDQWIXQFWLRQ,WDOVRDFFRXQWVIRUSRWHQWLDO
HUURUVLQWKHFURVVVSHFWUDFRPSXWDWLRQ

7KHLQWHUYDORIGHILQLWLRQ>ʌ@RIWKH'6)LV
GLYLGHGLQWR.VXELQWHUYDOVRIHTXDOZLGWKǻș
RYHUZKLFKWKHHVWLPDWHRIWKH'6)Ȧș
LVDVVXPHGWREHFRQVWDQW$VHULHV[NȦRI.
HOHPHQWVN .LVGHILQHG





IURPZKLFKWKH'6)FDQEHDSSUR[LPDWHGDV
IROORZV







(TXDWLRQLVWKHQLQVHUWHGLQWRWR\LHOG
DV\VWHPRIQRQOLQHDUHTXDWLRQV7KH%D\HVLDQ
PHWKRGDOVRLQFOXGHVDVPRRWKQHVVFRQGLWLRQ
RQWKHGLUHFWLRQDOIUHTXHQF\VSHFWUXPIXQFWLRQ
ZKLFKFRQVLVWVLQPLQLPL]LQJWKHIROORZLQJ
TXDQWLW\
7KHGHWDLOHGGHULYDWLRQRIWKH%D\HVLDQ
GLUHFWLRQDOPHWKRGLVFRPSOH[DQGFDQEH
IRXQGLQ+DVKLPRWRDQG.REXQH>@

7KH%'0LVYHU\YHUVDWLOHDQGUHOLDEOHDQGLV
WKHUHIRUHZLGHO\XVHG$VIRUWKH0/0LW
GRHVQRWSHUIRUPDVZHOOLQWKHSUHVHQFHRI
UHIOHFWHGZDYHV0RUHLQIRUPDWLRQRQWKLVWRSLF
FDQEHIRXQGLQ,OLFHWDO>@DQG&KDGZLFN
HWDO>@

:$9(*(1(5$7,21

7ZRPDLQFODVVHVRIZDYHILHOGDUHFRPPRQO\
JHQHUDWHGLQZDYHWDQNVUHJXODUDQGLUUHJXODU
ZDYHV7KHIRUPHUW\SHLVVLPSOHULQWKDWLWLV
WKHRUHWLFDOO\RQO\DVVRFLDWHGZLWKDOLPLWHG
QXPEHURISDUDPHWHUVQDPHO\RQHIUHTXHQF\
DQGRQHDPSOLWXGH7DQNWHVWLQJRI:(&VLQ
UHJXODUZDYHVLVYHU\XVHIXOHVSHFLDOO\LQWKH
 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HDUO\GHVLJQVWDJH,WKHOSVWRJDLQDTXDOLWDWLYH
DQGTXDQWLWDWLYHXQGHUVWDQGLQJRIWKH
EHKDYLRXURIWKHGHYLFHLQDQHQYLURQPHQW
FRQWUROOHGE\RQO\DIHZSDUDPHWHUV5HJXODU
ZDYHVDUHKRZHYHUYLUWXDOO\QHYHU
HQFRXQWHUHGLQWKHRFHDQDQGLWLVWKHUHIRUH
LPSRUWDQWWRDOVRWHVW:(&PRGHOVLQPRUH
³UHDOLVWLF´LUUHJXODUZDYHV

7RFUHDWHLUUHJXODUZDYHVLQDZDYHEDVLQDQ
DSSURSULDWHFRPPDQGVLJQDOQHHGVWREHVHQWWR
WKHZDYHPDNHUVFRQWUROV\VWHP7KH
GHULYDWLRQRIWKHFRPPDQGVLJQDOLVEDVLFDOO\
GRQHLQWZRVWDJHV

 $ZDYHHOHYDWLRQWLPHVHULHV 
 FRUUHVSRQGLQJWRWKHGHVLUHGWDUJHWVHD
 VWDWHRUVSHFWUXPLVFRPSXWHG
 7KHZDYHWDQN³WUDQVIHUIXQFWLRQ´LVXVHG
 WRFRQYHUWWKHDERYHWLPHVVHULHVLQWRWKH
 FRPPDQGVLJQDO

7KHWUDQVIHUIXQFWLRQLVWKHUHODWLRQEHWZHHQ
WKHVLJQDOVHQWWRWKHZDYHPDNHUDQGWKH
FRUUHVSRQGLQJZDYHJHQHUDWHG(DFKZDYH
EDVLQKDVLWVRZQVSHFLILFWUDQVIHUIXQFWLRQ
ZKLFKGHSHQGVRQLWVJHRPHWU\DQGRQWKHZDYH
PDNHUVJHRPHWU\G\QDPLFVDQGGULYHV\VWHP

,QPRVWZDYHEDVLQVWKHZDYHHOHYDWLRQWLPH
VHULHVLVDFWXDOO\GLVFUHWHDQGREWDLQHGE\
,QYHUVH'LVFUHWH)RXULHU7UDQVIRUP,')7
7KHWLPHVHULHVLVFRPSXWHGE\,')7IURPWKH
')7FRPSOH[FRHIILFLHQWVVHHHTXDWLRQV
DQGZKLFKFRUUHVSRQGWRDWDUJHW
VSHFWUXP7KH')7FRHIILFLHQWVFDQEHGHULYHG
DFFRUGLQJWRGLIIHUHQWPHWKRGVDVZLOOEH
H[SODLQHGLQWKHIROORZLQJVHFWLRQV

7KHUHDUHPDLQO\WZRDSSURDFKHVWRLUUHJXODU
ZDYHJHQHUDWLRQ7KH\DUHUHIHUUHGWRDV
³GHWHUPLQLVWLF´DQG³QRQGHWHUPLQLVWLF´RU
³SUREDELOLVWLF´7KHGHEDWHRQZKLFKRIWKHVHLV
EHWWHULVSHUKDSVPRUHSKLORVRSKLFDOWKDQ
WHFKQLFDODQGWRWKLVGD\WKHUHLVVWLOOQR
ZLGHO\DFNQRZOHGJHGFRQVHQVXVRQWKHWRSLF
7KHDXWKRUVZLOOQRWYHQWXUHLQDGGUHVVLQJWKH
GHEDWHEXWZLOOVWDWHWKHPDLQDGYDQWDJHVDQG
GLVDGYDQWDJHVRIHDFK³VFKRRORIWKRXJKW´
0RUHDUJXPHQWVIRUWKLVGHEDWHFDQEHIRXQGLQ
)XQNHDQG0DQVDUG>@DQG+XQWLQJWRQ
>@

7KH'HWHUPLQLVWLF$SSURDFK
5DQGRPSKDVHPHWKRG
7KLVPHWKRGLVEDVHGRQWKH,')77KH
DPSOLWXGHRIWKH')7FRHIILFLHQWVDUH
FRPSXWHGIURPWKHWDUJHWVSHFWUXPVRWKDWWKH\
DUHSURSRUWLRQDOWRWKHVTXDUHURRWRIWKH
GHVLUHGVSHFWUDOGHQVLW\7KHSKDVHIRUHDFK
FRHIILFLHQWLVFKRVHQUDQGRPO\7KHUDQGRP
JHQHUDWLRQRIWKHSKDVHYDOXHVLVKRZHYHU
LQLWLDWHGE\D³VHHG´VRWKDWWKHVHULHVRISKDVH
YDOXHVFDQEHUHSHDWHGLGHQWLFDOO\DWZLOOE\
NHHSLQJWKHVDPHVHHGQXPEHU7KHWLPHVHULHV
RXWSXWIURPWKH,')7LVWKXVIXOO\GHILQHGE\
WKHWDUJHWVSHFWUXPDQGWKHVHHGQXPEHU7KLV
ZDYHJHQHUDWLRQSURFHVVLVWKHUHIRUH
FRQVLGHUHGGHWHUPLQLVWLF7KHOHQJWKRIWKH
WLPHVHULHVLVRIWHQFDOOHGWKH³UHSHDWSHULRG´
RU³UHF\FOLQJOHQJWK´RIWKHFRPPDQGVLJQDO
0RUHLQIRUPDWLRQRQWKLVPHWKRGDQGLWV
LPSOHPHQWDWLRQFDQEHIRXQGLQ7XDKDQG
+XGVSHWK>@

3URVDQGFRQVRIWKHGHWHUPLQLVWLFDSSURDFK
7KHPDLQDGYDQWDJHRIWKLVPHWKRGLVWKDWWKH
GLVFUHWL]HGWDUJHWVSHFWUXPFDQEHJXDUDQWHHG
RYHUWKH³UHSHDWSHULRG´7KLVDOORZV
UHDVRQDEO\VKRUWZDYHEDVLQUXQWLPHV
FRPSDUHGZLWKWKHQRQGHWHUPLQLVWLFDSSURDFK
7KHUHSHDWDELOLW\RIZDYHWUDLQVJHQHUDWHGLV
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DOVRDQDGYDQWDJHZKHQFDUU\LQJRXW
FRPSDUDWLYHVWXGLHV7KHGUDZEDFNRIWKH
GHWHUPLQLVWLFDSSURDFKLVWKDWLWGRHVQRW
UHSURGXFHWKHWUXHUDQGRPEHKDYLRXURIRFHDQ
ZDYHV:KHQXVLQJUHODWLYHO\VKRUWUHSHDW
SHULRGVWKLVFDQOHDGWR³PLVVLQJ´VRPH
H[WUHPHHYHQWVRIORZSUREDELOLW\LQWKHUHDO
ZRUOG7KHDGYRFDWHVRIWKHGHWHUPLQLVWLF
DSSURDFKDUJXHWKDWWKLVLVVXHFDQEHRYHUFRPH
E\JHQHUDWLQJH[WUHPHHYHQWVVHSDUDWHO\LQD
GHWHUPLQLVWLFPDQQHU7KHVXSSRUWHUVRIWKH
SUREDELOLVWLFPHWKRGSRLQWRXWWKDWVXFK
WHFKQLTXHVLPSO\DVVXPSWLRQVE\WKH
H[SHULPHQWHURIZKDWDQH[WUHPHHYHQWLV,WLV
SRVVLEOHWKDWSKHQRPHQDRWKHUWKDQODUJH
DPSOLWXGHZDYHVPLJKWJHQHUDWHH[WUHPH
HYHQWVIRUWKHZDYHSRZHUGHYLFHVWXGLHG
7KHVHFRXOGEHIRUH[DPSOHDVSHFLILFZDYH
JURXSLQHVVZKLFKFRPELQHGZLWKWKHGHYLFH
G\QDPLFVOHDGVWRDQH[WUHPHUHVSRQVH6XFK
DQH[WUHPHHYHQWZRXOGEHGLIILFXOWWRSUHGLFW

7KH1RQ'HWHUPLQLVWLF$SSURDFK
5DQGRPFRPSOH[VSHFWUXPPHWKRG
$VIRUWKHUDQGRPSKDVHPHWKRGWKHUDQGRP
FRPSOH[VSHFWUXPPHWKRGUHOLHVRQWKH,')7
7KHFRPSOH[')7FRHIILFLHQWVDUHFRPSXWHG
IURPDWDUJHWVSHFWUXP7KH\DUHREWDLQHGE\
PXOWLSO\LQJWKHVTXDUHURRWRIWKHGHVLUHG
VSHFWUDOGHQVLW\YDOXHVE\DUDQGRPYDULDEOH
KDYLQJD*DXVVLDQGLVWULEXWLRQZLWK]HURPHDQ
DQGVWDQGDUGGHYLDWLRQRI7KLVFDQEH
FRQVLGHUHGDV³ILOWHULQJ´WKHUDQGRPYDULDEOH
E\WKHVTXDUHURRWRIWKHGHVLUHGVSHFWUDO
GHQVLW\0RUHLQIRUPDWLRQRQWKLVPHWKRGDQG
LWVLPSOHPHQWDWLRQFDQEHIRXQGLQ7XDKDQG
+XGVSHWK>@

:KLWHQRLVHILOWHULQJPHWKRG
7KHZKLWHQRLVHILOWHULQJPHWKRGFRQVLVWVLQ
FRQYROXWLQJRU³ILOWHULQJ´DV\QWKHVL]HG
UDQGRPQXPEHUVHTXHQFHLHDZKLWHQRLVH
VLJQDOZLWKVSHFWUDOYDOXHVIURPWKHGHVLUHG
WDUJHWVSHFWUXP$SSO\LQJWKH,')7WRWKH
WDUJHWVSHFWUXP\LHOGVWKHFRUUHVSRQGLQJ
GLVFUHWHWLPHVHULHV7KLVWLPHVHULHVFDQEH
FRQVLGHUHGDVWKHFRHIILFLHQWVRIDGLJLWDOILOWHU
ZKLFKLVWKHQDSSOLHGWRWKHZKLWHQRLVHWLPH
VHULHV7KHRXWFRPHLVWKHFRPPDQGVLJQDOIRU
WKHZDYHPDNHUFRQWUROV\VWHP0RUHRQWKLV
PHWKRGFDQEHIRXQGLQ%U\GHQDQG*UHDWHG
>@

7KHWHUP³ZKLWHQRLVH´FRPHVIURPWKH
DQDORJ\ZLWKZKLWHOLJKWZKRVHVSHFWUXPLV
DSSUR[LPDWHO\FRQVWDQWRYHUWKHUDQJHRI
YLVLEOHIUHTXHQF\7KHWHUPQRLVHFRPHVIURP
WKHILHOGRIHOHFWURQLFV:KLWHQRLVHUHIHUVWRD
VLJQDOZKRVHHQHUJ\LVHYHQO\VSUHDGRYHUWKH
VSHFWUXPRILQWHUHVW

3URVDQGFRQVRIWKHQRQGHWHUPLQLVWLFDSSURDFK
7KHUHDOL]DWLRQRIDVHDVWDWHXVLQJWKLVPHWKRG
ZLOORQO\PDWFKWKHWDUJHWVSHFWUXPZLWKLQWKH
ERXQGVRISUREDELOLW\,QRWKHUZRUGVWKHH[DFW
UHDOL]DWLRQRIWKHWDUJHWVSHFWUXPLVRQO\
JXDUDQWHHGIRUUXQVRILQILQLWHGXUDWLRQ)URPD
SUDFWLFDOSRLQWRIYLHZWKLVPHDQVWKDW
H[SHULPHQWDOUXQVKDYHWREHUDWKHUORQJWR
SURSHUO\UHSUHVHQWWKHWDUJHWVSHFWUXP$VDQ
H[DPSOHVSHFWUDOVKDSHIRUW\SLFDOPLQXWH
UHDOL]DWLRQVFDQGHYLDWHYHU\VLJQLILFDQWO\IURP
WKHWDUJHWVSHFWUXP>0LOHVDQG)XQNH@

$OOWKHUHDOL]DWLRQVRIDVDPHWDUJHWVSHFWUXP
ZLOOEHGLIIHUHQWDOWKRXJKVWDWLVWLFDOO\VLPLODU
7KLVPLJKWQRWEHDSSURSULDWHIRUFRPSDULQJ
WKHSHUIRUPDQFHRIGLIIHUHQWGHYLFHVXQGHU
VLPLODUVHDVWDWHV2QWKHRWKHUKDQGWKH
VSHFWUDOVKDSHREWDLQHGZLOOKDYHVLPLODU
VWDWLVWLFDOYDULDELOLW\WRWKDWRIUHDORFHDQZDYHV
RYHUWKHVDPHGXUDWLRQ
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:DYH7DQN&DOLEUDWLRQ
$ZDYHWDQNWUDQVIHUIXQFWLRQ³WUDQVODWHV´WKH
ZDYHHOHYDWLRQFRPPDQGVLJQDOWRWKHZDYH
PDNHUVLQWRSK\VLFDOZDYHKHLJKWVLQWKHEDVLQ
7KHWKHRUHWLFDOGHULYDWLRQRIVXFKWUDQVIHU
IXQFWLRQVZDVSLRQHHUHGE\%LHVHODQG6XTXHW
>@IRUSLVWRQDQGIODSW\SHZDYHPDNHUV
FRQWUROOHGLQGLVSODFHPHQW

:KHQZRUNLQJZLWKUHJXODUZDYHVWKH
TXDQWLWLHVLQYHVWLJDWHGDUHRIWHQ³QRUPDOL]HG´
E\WKHPHDVXUHGZDYHKHLJKW7KLVDSSURDFK
WHQGVWROLPLWWKHLPSDFWRILQDFFXUDFLHVLQWKH
WUDQVIHUIXQFWLRQLQWKHVHQVHWKDWHYHQLIWKH
KHLJKWRIWKHJHQHUDWHGZDYHVLVVOLJKWO\
GLIIHUHQWIURPWKHWDUJHWKHLJKWDWOHDVWWKH
DFWXDOZDYHKHLJKWLVNQRZQDQGWDNHQLQWR
DFFRXQWWKURXJKWKH³QRUPDOL]DWLRQ´SURFHVV
7KHDFFXUDF\RIWKHWUDQVIHUIXQFWLRQLV
KRZHYHUSDUWLFXODUO\LPSRUWDQWZKHQZRUNLQJ
ZLWKLUUHJXODUZDYHV,IIRUVRPHIUHTXHQFLHV
WKHKHLJKWRIWKHZDYHVJHQHUDWHGGRHVQRW
FRUUHVSRQGWRWKHWDUJHWKHLJKWWKHDFWXDO
HQHUJ\VSHFWUXPZLOOEHGLVWRUWHGFRPSDUHGWR
WKHWDUJHWRQH

,IDWKHRUHWLFDOO\GHULYHGWUDQVIHUIXQFWLRQLVD
JRRGVWDUWLQJSRLQWLWLVZRUWKUHILQLQJLW
WKURXJKH[SHULPHQWDOZDYHWDQNFDOLEUDWLRQ

$VDQH[DPSOHZLWK(GLQEXUJK'HVLJQV
/LPLWHGZDYHPDNLQJV\VWHPVWKHWDQN
WUDQVIHUIXQFWLRQILOHUHTXLUHVVSHFLI\LQJJDLQ
YDOXHVIRUGLVFUHWHZDYHIUHTXHQFLHVDQG
GLVFUHWHZDYHKHDGLQJDQJOHV>5RJHUVDQG
%ROWRQ.LQJ@7KHJDLQUHODWHVWKHWDUJHW
ZDYHKHLJKWZLWKWKHYROWDJHRIWKHFRPPDQG
VLJQDOIRUWKHZDYHIUHTXHQF\DQGKHDGLQJ
DQJOHFRQVLGHUHG7KHPRUHJDLQYDOXHVDUH
VSHFLILHGWKHEHWWHUWKHWUDQVIHUIXQFWLRQ
&RYHULQJWKHZKROHIUHTXHQF\VSHFWUXPDQG
DQJOHUDQJHZLWKDILQHUHVROXWLRQFDQ
KRZHYHUSURYHORQJDQGWHGLRXV,WLV
WKHUHIRUHSRVVLEOHWRRQO\VSHFLI\DOLPLWHG
QXPEHURIJDLQYDOXHVDQGOHWWKHZDYHPDNHU
FRQWUROV\VWHPLQWHUSRODWHEHWZHHQWKHVH

:KHQFDUU\LQJRXWWKHFDOLEUDWLRQLWLV
UHFRPPHQGHGWRSURFHVVWKHZDYHHOHYDWLRQ
WLPHVHULHVUHFRUGHGXVLQJDZDYHUHIOHFWLRQ
DQDO\VLVWHFKQLTXH6LQFHRQO\DVLQJOH
GLUHFWLRQRIZDYHSURSDJDWLRQLVFRQVLGHUHGDW
DWLPHDWZRGLPHQVLRQDOPHWKRGLVJHQHUDOO\
FRQVLGHUHGVXIILFLHQWVHH³7ZRGLPHQVLRQDO
ZDYHUHIOHFWLRQ´RQSDJH

7KHJDLQLVJHQHUDOO\OLQHDUO\UHODWHGWRWKH
KHLJKWRIWKHZDYHVJHQHUDWHG&DOLEUDWLRQIRUD
VLQJOHIUHTXHQF\DQGDQJOHFDQWKHUHIRUHEH
DFKLHYHGZLWKDVLQJOHVHWRIPHDVXUHPHQWVE\
DGMXVWLQJWKHJDLQOLQHDUO\ZLWKWKHHUURU
EHWZHHQWKHWDUJHWZDYHKHLJKWDQGWKH
PHDVXUHGYDOXH7RDFKLHYHDPRUHDFFXUDWH
FDOLEUDWLRQDQLWHUDWLYHPHWKRGFDQEHDGRSWHG

)LJXUHVKRZVWKHPHDVXUHGHQHUJ\VSHFWUD
IRUDORQJFUHVWHGPRGLILHG3LHUVRQ0RVNRZLW]
VHDJHQHUDWHGLQWKH(GLQEXUJK&XUYHGWDQN
EHIRUHDDQGDIWHUEFDOLEUDWLRQ
0HDVXUHPHQWVKDYHEHHQFDUULHGRXWE\-RUJH
/XFDV+HKDVXVHGWKHWZRGLPHQVLRQDO
0DQVDUGDQG)XQNHUHIOHFWLRQDQDO\VLVPHWKRG
VHH³7ZRGLPHQVLRQDOZDYHUHIOHFWLRQ´RQ
SDJHWRVHSDUDWHWKHLQFLGHQWIURPWKH
UHIOHFWHGZDYHV7KHLPSURYHPHQWEURXJKW
DERXWE\WKHFDOLEUDWLRQLVYHU\VLJQLILFDQW

3KDVH/RFNLQJ
3KDVHORFNLQJLVDSKHQRPHQRQKDSSHQLQJ
ZKHQUHJXODUZDYHVRIHTXDOIUHTXHQF\DQG
ZLWKFRQVWDQWSKDVHVKLIWEHWZHHQHDFKRWKHU
DUHVXSHUSRVHG7KHGLUHFWLRQRISURSDJDWLRQ
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RIWKHVHZDYHVFDQEHGLIIHUHQW7KHUHVXOWLQJ
ZDYHILHOGLVDIIHFWHGE\SDWWHUQVRIQRGHV
DQGDQWLQRGHVZKLFKPDNHVLWVSDWLDOO\
LQKRPRJHQHRXVDQGQRQHUJRGLF7KLVPHDQV
DPRQJRWKHUWKLQJVWKDWWKHVWDWLVWLFDO
SURSHUWLHVRITXDQWLWLHVOLQHDUO\DVVRFLDWHG
ZLWKWKLVZDYHILHOGZLOOEHGLIIHUHQWIURP
RQHSRLQWRIWKHZDYHILHOGWRDQRWKHU0RUH
GHWDLOVRQWKHLPSDFWRIQRQHUJRGLFLW\
DQGLQKRPRJHQHLW\FDQEHIRXQGLQ-HIIHU\V
>@

7KHVLPSOHVWH[DPSOHRISKDVHORFNLQJFDQEH
REVHUYHGZKHQDUHJXODUZDYHKLWV
SHUSHQGLFXODUO\DIXOO\UHIOHFWLYHYHUWLFDOZDOO
$UHIOHFWHGZDYHRIHTXDOIUHTXHQF\DQG
DPSOLWXGHWUDYHOOLQJLQWKHRSSRVLWHGLUHFWLRQ
IRUPV7KHSKDVHVRIWKHLQFLGHQWDQGUHIOHFWHG
ZDYHVDUHORFNHGE\WKHIDFWWKDWWKH\DUHERWK
HTXDORQWKHZDOO7KHUHVXOWLQJZDYHSDWWHUQLV
WKDWRIDVWDQGLQJZDYHZLWKQRGHVDQG
DQWLQRGHV:KHQPHDVXULQJWKHZDYHKHLJKWRI
DVWDQGLQJZDYHWKHYDOXHREWDLQHGZLOOEH
VWURQJO\DIIHFWHGE\WKHVSDWLDOORFDWLRQDW
ZKLFKWKHPHDVXUHPHQWLVWDNHQ$WDQRGHWKH
ZDYHKHLJKWZLOODOPRVWEH]HURZKHUHDVDWDQ
DQWLQRGHLWZLOOEHPD[LPXPDERXWWZLFHWKH
KHLJKWRIWKHLQFLGHQWUHJXODUZDYH

3KDVHORFNLQJLVDQLPSRUWDQWSKHQRPHQRQWR
EHDZDUHRIZKHQFDUU\LQJRXWPRGHOWHVWLQJLQ
DZDYHWDQN:DYHEDVLQVDUHE\QDWXUH
ERXQGHGIOXLGGRPDLQVDQGQREHDFKRUZDYH
PDNHUKDVSHUIHFWDEVRUSWLRQFKDUDFWHULVWLFV
7KHZDYHILHOGJHQHUDWHGLQWKHWDQNZLOOEH
LQHYLWDEO\DIIHFWHGE\UHIOHFWLRQVDQGWKXV
SKDVHORFNLQJ7KHVFDOHRIWKHQRQHUJRGLFLW\
DQGVSDWLDOLQKRPRJHQHLW\GXHWRZDYH
UHIOHFWLRQGHSHQGVRQPDQ\SDUDPHWHUV
LQFOXGLQJWDQNJHRPHWU\SUHVHQFHRIUHIOHFWLQJ
VLGHZDOOVUHIOHFWLRQFKDUDFWHULVWLFVRIWKH
EHDFKDWWKHZDYHIUHTXHQF\FRQVLGHUHGDQG
WKHKHDGLQJDQJOHRIWKHZDYHJHQHUDWHG,WLV
WKHUHIRUHDGYLVDEOHWR³PDS´WKHWDQNWRILQG
RXWZKLFKSDUWVRILWDUHWKHOHDVWDIIHFWHGE\
UHIOHFWLRQIRUJLYHQZDYHFRQGLWLRQVDQG
WKHUHIRUHWKHPRVWVXLWDEOHWRORFDWHWKHPRGHO
WREHLQYHVWLJDWHG%HIRUHPRGHOWHVWLQJLWLV
DOVRUHFRPPHQGHGWRPHDVXUHWKHZDYHVLQWKH
DEVHQFHRIWKHPRGHODWWKHORFDWLRQZKHUHWKH
PRGHOLVWREHSODFHGWRHQVXUHWKDWWKH\
FRUUHVSRQGWRWKHWDUJHWZDYHFRQGLWLRQV
>,77&@

/DFNRIVSDWLDOKRPRJHQHLW\FDQKDYHD
VLJQLILFDQWLPSDFWZKHQLQYHVWLJDWLQJWKH
EHKDYLRXURIDIUHHIORDWLQJZDYHHQHUJ\
Figure 7: Realizations of a modified Pierson Moskowitz spectrum 
before (a) and after (b) wave tank calibration. The solid line corresponds 
to the target spectrum, the dotted line to the incident measured 
spectrum, and the dashed line to the reflected measured spectrum.
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GHYLFHLQDZDYHEDVLQHVSHFLDOO\LIWKH
PRRULQJLVFRPSOLDQW'ULIWIRUFHDQGORZ
IUHTXHQF\PRRULQJRVFLOODWLRQVFDQPRYHWKH
PRGHODZD\IURPLWVRULJLQDOSRVLWLRQDQGLI
WKHZDYHILHOGLVQRWKRPRJHQRXV³HQRXJK´
WKHPRGHOPLJKWHQGXSEHLQJVXEMHFWHGWR
ZDYHVZKRVHFKDUDFWHULVWLFVDUHGLIIHUHQWIURP
WKRVHRIWKHZDYHVUHFRUGHGDWWKHRULJLQDO
ORFDWLRQRIWKHPRGHO

:KHQJHQHUDWLQJPXOWLGLUHFWLRQDOLUUHJXODU
VHDVSKDVHORFNLQJFDQEHDQLVVXH7KLV
GHSHQGVRQZKLFKJHQHUDWLRQWHFKQLTXHLVXVHG

'RXEOHVXPPDWLRQPHWKRG
7KHGRXEOHVXPPDWLRQPHWKRGZDVRULJLQDOO\
WKHPRVWFRPPRQO\XVHGDSSURDFKIRU
JHQHUDWLQJPXOWLGLUHFWLRQDOVSHFWUD:LWKWKLV
WHFKQLTXHWKHWDUJHWZDYHKHLJKWȘLVGHILQHG
DVIROORZV







ZKHUH[DQG\DUHKRUL]RQWDOVSDFLDOFRRUGLQDWHV
WLVWLPHWKH$LM¶VDUHWKHDPSOLWXGHVRIWKH
ZDYHFRPSRQHQWVWKHȦL¶VDUHWKHGLVFUHWH
UDGLDQIUHTXHQFLHVRIWKHZDYHFRPSRQHQWVWKH
NL¶VDUHWKHFRUUHVSRQGLQJZDYHQXPEHUVWKH
șM¶VDUHWKHKHDGLQJDQJOHVRIWKHZDYH
FRPSRQHQWVDQGWKHLM¶VDUHWKHSKDVHV

)URPHTXDWLRQWKHWDUJHWVSHFWUXPLV
PDGHRI1î0ZDYHIURQWVVSUHDGRYHU1
GLVFUHWHIUHTXHQFLHVDQG0GLVFUHWHDQJOHV7KH
PDLQOLPLWDWLRQRIWKLVPHWKRGOLHVLQWKHIDFW
WKDWIRUHDFKIUHTXHQF\ȦLWKHUHDUH0ZDYH
IURQWVRIGLIIHUHQWGLUHFWLRQZLWKH[DFWO\WKDW
VDPHIUHTXHQF\7KLVOHDGVWRSKDVHORFNLQJ
7KHUHVXOWLQJVSDWLDOLQKRPRJHQHLW\FDQEH
VLJQLILFDQW-HIIHU\V>@FDUULHGRXW
QXPHULFDOVLPXODWLRQRIDFRVșGLUHFWLRQDOVHD
ZLWKSKDVHORFNHGZDYHFRPSRQHQWV+H
IRXQGWKDWRYHUDQDUHDRIRQHVTXDUH
NLORPHWUHWKHPHDQHQHUJ\DW+]FRPSXWHG
IURPZDYHHOHYDWLRQYDULHVEHWZHHQ]HURDQG
IRXUWLPHVWKHVSDWLDOPHDQYDOXH

7KHUHDUHZD\VWRLPSURYHWKHHUJRGLFLW\DQG
WKHVSDWLDOKRPRJHQHLW\RIWKHGRXEOH
VXPPDWLRQPHWKRG0LOHVDQG)XQNH>@
SUHVHQWDPHWKRGZKLFKFRQVLVWVLQLQFUHDVLQJ
WKHQXPEHURIGLVFUHWHIUHTXHQFLHVLQWKH
VSHFWUXPGHILQLWLRQJLYHQE\,QVWHDGRI
H[SUHVVLQJHDFKIUHTXHQF\ELQRIWKHWDUJHW
VSHFWUXPE\DVLQJOHIUHTXHQF\FRPSRQHQWWKH
ELQVDUHUHSUHVHQWHGE\3IUHTXHQF\
FRPSRQHQWVHDFK7KHVHIUHTXHQFLHVȦLTDUH
GHILQHGDVIROORZV



ZKHUHȦLLVWKHVDPHDVLQDQGǻȦLVWKH
ZLGWKRIWKHELQ

0LOHVDQG)XQNH>@KDYHWKHQQXPHULFDOO\
LQYHVWLJDWHGWKHYDULDELOLW\RIWKHYDULDQFHRI
ZDYHHOHYDWLRQȘDQGRIWKHFURVVVSHFWUD7KH\
KDYHIRXQGWKDWHUJRGLFLW\DQGKRPRJHQHLW\
FDQEHLPSURYHGE\LQFUHDVLQJWKHYDOXHRI
3EXWWKLVDOVRLQFUHDVHVWKHFRPSXWDWLRQDO
EXUGHQLQYROYHG7KH\DOVRSRLQWRXWWKDW
WKHOHQJWKRIWKHUHFRUGXVHGWRFRPSXWHWKH
FURVVVSHFWUDKDVDVLJQLILFDQWLPSDFWRQWKH
YDULDELOLW\9DULDELOLW\FDQDOVREHUHGXFHGE\
HQVHPEOHDYHUDJLQJRYHUVHYHUDOUHDOL]DWLRQV
>-HIIHU\V@

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6LQJOHVXPPDWLRQPHWKRG
$PXOWLGLUHFWLRQDOLUUHJXODUVHDVWDWH
JHQHUDWHGE\WKHVLQJOHVXPPDWLRQPHWKRGKDV
RQO\RQHZDYHFRPSRQHQWDWDQ\SDUWLFXODU
IUHTXHQF\7KHWDUJHWZDYHKHLJKWȘLVGHILQHG
DVIROORZV>0LOHVDQG)XQNH@


ZKHUHȦL LZLWK0EHLQJWKHQXPEHU
RIKHDGLQJDQJOHV7KHșL¶VDUHGHILQHGVR
WKDWDOOWKH0KHDGLQJDQJOHVDUHLQFOXGHGLQ
HDFKIUHTXHQF\ELQRIZLGWKǻȦ,QRWKHU
ZRUGVHDFKELQRIZLGWKǻȦLVVSOLWLQWR0
HTXDOO\ZLGHVHJPHQWVZLWKDVLQJOHZDYH
FRPSRQHQWSHUVHJPHQW7KH0ZDYH
FRPSRQHQWVRIDELQFRUUHVSRQGWRWKH0
KHDGLQJDQJOHVDQGWKH\DOOKDYHVOLJKWO\
GLIIHUHQWIUHTXHQFLHV

:LWKDOOWKHZDYHFRPSRQHQWVKDYLQJ
GLIIHUHQWIUHTXHQFLHVWKHUHLVQRSKDVHORFNLQJ
DQGWKHVHDVWDWHJHQHUDWHGLVVSDWLDO
KRPRJHQRXVDQGHUJRGLF7KHTXDOLW\RIWKH
ZDYHVJHQHUDWHGZLWKWKLVPHWKRGZLOO
LPSURYHZLWKLQFUHDVLQJ0DQGGHFUHDVLQJ
ǻȦEXWYDOXHVRIWKHVHSDUDPHWHUVFDQEH
OLPLWHGE\WKHDQJXODUDQGIUHTXHQF\
UHVROXWLRQVRIWKHZDYHPDNLQJV\VWHP0LOHV
DQG)XQNH>@FDUULHGRXWQXPHULFDO
VLPXODWLRQDQGIRXQGRXWWKDWWKHGHULYDWLRQRI
WKHFURVVVSHFWUDZLOOEH³UHDVRQDEO\DFFXUDWH´
ZLWK0 DQGǻI +]ZLWKǻI 
0LOHVDQG)XQNH>@SRLQWRXWWKDWWKH
PD[LPXPZDYHKHLJKWVLQVHDVWDWHVJHQHUDWHG
ZLWKWKLVPHWKRGPD\WHQGWREHVPDOOHUWKDQ
WKRVHRIDFRUUHVSRQGLQJUHDOL]DWLRQLQDUHDO
VHD
1XPHULFDO:DYH%DVLQV
,Q*ULOOLHWDO>@SXWIRUZDUGWKH
LGHDRID1XPHULFDO:DYH7DQN1:77KH
SULQFLSDOLGHDZDVWRGHYHORSDIORZVROYHU
FDSDEOHRIVLPXODWLQJWKHSURFHVVHVQRUPDOO\
VWXGLHGH[SHULPHQWDOO\LQDSK\VLFDOZDYHWDQN
(DUO\DWWHPSWVWRGHYHORS1:7VZHUH
QRUPDOO\UHVWULFWHGWR'VLPXODWLRQVIRU
UHDVRQVRIFRPSXWDWLRQDOHIILFLHQF\,QFUHDVLQJ
FRPSXWHUSRZHUKRZHYHUKDVOHGWRWKH
GHYHORSPHQWRIWKUHHGLPHQVLRQDOQXPHULFDO
ZDYHEDVLQV7KHUHTXLUHPHQWLVWRGHYHORSD
QXPHULFDOVFKHPHFDSDEOHRIDFFXUDWHO\
VROYLQJDSUREOHPLQYROYLQJWKHUHVROXWLRQRID
PRYLQJPDWHULDOLQWHUIDFHZKRVHORFDWLRQQRW
RQO\GHSHQGVRQWKHORFDOIORZVROXWLRQEXW
DOVRKDVDPDMRULQIOXHQFHRQLW>/LHWDO
@8QGHUWKHDFWLRQRIEUHDNLQJZDYHVWKH
IUHHVXUIDFHXQGHUJRHVJURVVWRSRORJLFDO
FKDQJHVZLWKERWKPHUJLQJDQGEUHDNXS7KH
VLPXODWLRQRIVXFKSURFHVVHVUHTXLUHVD
SRZHUIXOQXPHULFDOWRROZLWKWKHDELOLW\WR
KDQGOHDUELWUDULO\VKDSHGQRQFRQWLJXRXV
LQWHUIDFHV

$QXPEHURIDSSURDFKHVDUHDYDLODEOH
LQFOXGLQJWKHGHQVLW\IXQFWLRQPHWKRG>3DUNHW
DO@DIURQWWUDFNLQJDSSURDFK>8QYHUGL
DQG7U\JJYDVRQ@VPRRWKHGSDUWLFOH
K\GURG\QDPLFV>0RQDJKDQ@WKHOHYHO
VHWPHWKRG>2VKHUDQG6HWKLDQ@WKH
YROXPHRIIOXLGPHWKRG>+LUWDQG1LFKROV
@DQGWKHIUHHVXUIDFHFDSWXULQJDSSURDFK
>.HOHF\DQG3OHWFKHU@,QDGGLWLRQ
WXUEXOHQFHHIIHFWVSOD\DQLPSRUWDQWUROH
SDUWLFXODUO\LQWKHVXUI]RQHDQGWKLVFDQEH
PRGHOHGHLWKHUXVLQJ/DUJH(GG\6LPXODWLRQ
>:DWDQDEHHWDO@RUD5H\QROGV
$YHUDJHGDSSURDFK>/LQDQG/LX@0RVW
RIWKHVHDSSURDFKHVVLPSOLI\WKHIORZSUREOHP
DQGWKHFRPSXWDWLRQDOUHTXLUHPHQWVE\
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FRQVLGHULQJRQO\WKHOLTXLGFRPSRQHQW
PRGHOLQJWKHJDVFRPSRQHQWE\DQXPHULFDO
YDFXXP$QXPEHURIFRPPHUFLDO
FRPSXWDWLRQDOIOXLGG\QDPLFVFRGHVHJ6WDU
&&0SURYLGHIDFLOLWLHVIRULPSOHPHQWLQJ
³1XPHULFDO7RZLQJ7DQNV´DQGKDYHEHHQ
DSSOLHGWRVRPHTXLWHFRPSOH[ZDYHVWUXFWXUH
LQWHUDFWLRQSUREOHPVHJ>3DUVRQVDQG
.RWLQLV@

6XFKPHWKRGVZKLFKVROYHWKHWKUHH
GLPHQVLRQDO1DYLHU6WRNHVHTXDWLRQVDUHKLJKO\
FRPSXWDWLRQDOO\GHPDQGLQJVRVLPXODWLRQVDUH
QRUPDOO\OLPLWHGWRWKHLQWHUDFWLRQRIEHWZHHQ
RQHDQGWHQZDYHVZLWKDPRGHORIZDYHHQHUJ\
FRQYHUWHU6XFKVLPXODWLRQVSURYLGHDYDVW
DPRXQWRILQIRUPDWLRQDERXWWKHIOXLGPRWLRQ
DOORZLQJHIIHFWVVXFKDVYRUWH[JHQHUDWLRQWREH
H[DPLQHGLQGHWDLO7KHDXWKRUVQRWHWKDWWKH
FRPELQDWLRQRIGHWDLOHGQXPHULFDOPRGHOLQJ
DQGSK\VLFDOH[SHULPHQWVLVH[WUHPHO\SRZHUIXO
LQDLGLQJXQGHUVWDQGLQJRIKRZDPDFKLQH
SHUIRUPV:HDGGWKHFDYHDWWKDWVLPXODWLRQV
PXVWEHFRQGXFWHGULJRURXVO\IROORZLQJDVHULHV
RITXDOLW\FRQWUROSURWRFROVDQGUHTXLUHVNLOOHG
LQWHUSUHWDWLRQDQGQRWHWKDWVXFKSURWRFROVDUH
EH\RQGWKHVFRSHRIWKLVSDSHU

0RUHFRPSXWDWLRQDOO\HIILFLHQWPRGHOV
QRUPDOO\XVHVLPSOLILHGIORZPRGHOVDQGDUH
EDVHGRQWKHSRWHQWLDOIORZHTXDWLRQV>*ULOOLHW
DO@VKDOORZZDWHUHTXDWLRQV>6KLDFKHW
DO@RUDWZRGLPHQVLRQDOYHUWLFDO
IRUPXODWLRQ>4LDQHWDO@

&21&/86,216

,WLVXQGRXEWHGO\WUXHWKDWKLJKTXDOLW\
H[SHULPHQWDOSURJUDPVDUHDQLQYDOXDEOHWRRO
LQWKHDVVHVVPHQWGHVLJQDQGRSWLPL]DWLRQRI
ZDYHHQHUJ\FRQYHUWHUV7KHUHLVD
FRQVLGHUDEOHKLVWRU\RIVXFKSURJUDPVLQ
HVWDEOLVKHGUHVHDUFKJURXSVDURXQGWKHZRUOG
7KLVSDSHUKDVDWWHPSWHGWRGUDZWRJHWKHU
HOHPHQWVRIEHVWSUDFWLFHLQWKHSHUIRUPDQFHRI
VXFKH[SHULPHQWVLQWKHKRSHWKDWQHZFRPHUV
WRWKHILHOGZLOOQRWUHSHDWSUHYLRXVPLVWDNHV
DQGWKXVPLQLPL]HWKHWLPHDQGHIIRUWUHTXLUHG
WRGHYHORSDQHZFRQFHSW

7KHDXWKRUVVWURQJO\UHFRPPHQGWKDWWKH
HYDOXDWLRQRIDQ\ZDYHHQHUJ\FRQFHSWLV
FRQGXFWHGLQDZHOOFDOLEUDWHGIDFLOLW\LGHDOO\
ZLWKDEVRUELQJZDYHPDNHUV,QLWLDOWHVWV
VKRXOGEHFRQGXFWHGDWWKHVPDOOHVWSUDFWLFDO
VFDOHPRYLQJRQWRODUJHVFDOHVDQGPRUH
UHDOLVWLFPRRULQJVDQG372VRQFHWKH
IXQGDPHQWDOFRQFHSWRIWKHGHYLFHKDVEHHQ
SURYHQ7HVWLQJVKRXOGFRPPHQFHZLWKUHJXODU
ORQJFUHVWHGZDYHVEHIRUHSURJUHVVLQJWRPRUH
UHDOLVWLFLUUHJXODUPL[HGVHDV7KHVDPSOLQJ
UDWHVIRUPHDVXUHPHQWVPXVWEHVHOHFWHGWR
SUHYHQWDOLDVLQJDQGVSLOOLQJ)LQDOO\ZHQRWH
WKDWDZLGHUDQJHRIPHDVXUHPHQWLQVWUXPHQWV
DQGVHQVRUVDUHDYDLODEOHPRUHWKDQDUH
VXPPDUL]HGLQWKLVSDSHUDQGWKHXVHUPXVWEH
IDPLOLDUZLWKWKHSHUIRUPDQFHRIDQ\
LQVWUXPHQWWKDWWKH\DUHXVLQJ

$&.12:/('*(0(176

7KLVUHYLHZZRUNKDVEHHQVXSSRUWHGE\WKH
8.(QJLQHHULQJDQG3K\VLFDO6FLHQFHV5HVHDUFK
&RXQFLOWKURXJKWKH6XSHU*HQ0DULQH
5HVHDUFK&RQVRUWLXP7KHDXWKRUVZRXOGOLNH
WRWKDQN0DWWKHZ)ROOH\IURP4XHHQ¶V
8QLYHUVLW\%HOIDVWIRUKLVKHOSIXOFRQWULEXWLRQ

'DYLG,QJUDPZLVKHVWRDFNQRZOHGJHVXSSRUW
IRUKLVSRVLWLRQIURPWKH6FRWWLVK)XQGLQJ
&RXQFLODQGIRUWKHLUVXSSRUWRIWKH-RLQW
5HVHDUFK,QVWLWXWHLQ(QHUJ\ZLWKWKH+HULRW
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:DWW8QLYHUVLW\DVDFRPSRQHQWSDUWRIWKH
(GLQEXUJK5HVHDUFK3DUWQHUVKLS

5()(5(1&(6

$($(QHUJ\DQG(QYLURQPHQW>@
 5HYLHZDQGDQDO\VLVRIRFHDQHQHUJ\ 
 V\VWHPVGHYHORSLQJDQGVXSSRUWLQJ 
 SROLFLHV5HSRUWRQEHKDOIRI6XVWDLQDEOH
 (QHUJ\,UHODQGIRUWKH,($2(6
%HQRLW0DQG7HLVVRQ&>@/DERUDWRU\
 FRPSDULVRQRIGLUHFWLRQDOZDYH
 PHDVXUHPHQWV\VWHPVDQGDQDO\VLV
 WHFKQLTXHV3URFHHGLQJVRIWKHWK 
 ,QWHUQDWLRQDO&RQIHUHQFHRQ&RDVWDO
 (QJLQHHULQJ.REH-DSDQSS
%HQRLW0)ULJDDUG3DQG6FKDIIHU+$
 >$XJXVW@$QDO\VLQJPXOWLGLUHFWLRQDO
 ZDYHVSHFWUD$WHQWDWLYHFODVVL¿FDWLRQRI
 DYDLODEOHPHWKRGV,$+56HPLQDURQ 
 0XOWLGLUHFWLRQDO:DYHVDQGWKHLU,QWHUDFWLRQ
 ZLWK6WUXFWXUHV6DQ)UDQFLVFR86SS
 
%LHVHO)DQG6XTXHW)>@/HVDSSDUHLOV
 JHQHUDWHXUVGHKRXOHHQODERUDWRLUH/D
 +RXLOOH%ODQFKH9RO1RSS
%U\GHQ,*DQG*UHDWHG&$>@ 
 *HQHUDWLRQRIWKUHHGLPHQVLRQDOUDQGRP
 ZDYHV-RXUQDORI3K\VLFV'$SSOLHG
 3K\VLFV9RO1RSS
&DSRQ-*UHHQ¿HOG5DQG.RONHU5
 >@0XOWLGLPHQVLRQDOPD[LPXP
 OLNHOLKRRGSURFHVVLQJRIODUJHDSHUWXUH
 VHLVPLFDUUD\,(((3URFHHGLQJV9RO
 1RSS
&KDGZLFN$,OLF6DQG+HOP3HWHUVHQ
 ->@(YDOXDWLRQRIGLUHFWLRQDODQDO\VLV
 WHFKQLTXHVIRUPXOWLGLUHFWLRQDOSDUWLDOO\
 UHIOHFWHGZDYHVSDUWDSSOLFDWLRQWRILHOG
 GDWD-RXUQDORI+\GUDXOLF5HVHDUFK9RO
 1RSS
&OD\VRQ&>@6XUYH\RILQVWUXPHQWDO
 PHWKRGVIRUWKHGHWHUPLQDWLRQRIKLJK 
 IUHTXHQF\ZDYHVSHFWUXP7HFKQLFDO5HSRUW
 ,QVWLWXWHRI2FHDQRJUDSKLF6FLHQFHV
 'HDFRQ/DERUDWRU\5HWULHYHGIURPKWWS
 HSULQWVVRWRQDFXN3')
&RROH\-DQG7XNH\->@$QDOJRULWKP
 IRUWKHPDFKLQHFDOFXODWLRQRIFRPSOH[
 )RXULHUVHULHV¶0DWKHPDWLFVRI 
 &RPSXWDWLRQ9ROSS
'DYLGVRQ0$+XQWOH\'$DQG%LUG3$
 >@3UDFWLFDOPHWKRGIRUWKHHVWLPDWLRQ
 RIGLUHFWLRQDOZDYHVSHFWUDLQUHIOHFWLYH
 ZDYHILHOGV&RDVWDO(QJLQHHULQJ9RO
 1RSS
)XQNH(DQG0DQVDUG(>6HSWHPEHU@
 $UDWLRQDOHIRUWKHXVHRIWKHGHWHUPLQLVWLF
 DSSURDFKWRODERUDWRU\ZDYHJHQHUDWLRQ
 ,$+56HPLQDURQ:DYH$9($QDO\VLVDQG
 *HQHUDWLRQLQ/DERUDWRU\%DVLQV/DXVDQQH
 6ZLW]HUODQGSS
*RGD<DQG6X]XNL<>@(VWLPDWLRQ
 RILQFLGHQWDQGUHIOHFWHGZDYHVLQUDQGRP
 ZDYHH[SHULPHQWVWK&RDVWDO(QJLQHHULQJ
 &RQIHUHQFHSS
*ULOOL676NRXUXS-DQG6YHQGVHQ,
 >@$QHIILFLHQWERXQGDU\HOHPHQW 
 PHWKRGIRUQRQOLQHDUZDWHUZDYHV 
 (QJLQHHULQJ$QDO\VLVZLWK%RXQGDU\ 
 (OHPHQWV9RO1RSS
+DVKLPRWR1DQG.REXQH.>@
 'LUHFWLRQDOVSHFWUXPHVWLPDWLRQIURPD
 %D\HVLDQDSSURDFKVW&RDVWDO
 (QJLQHHULQJ&RQIHUHQFH0DODJD6SDLQ
 SS
+LUW&DQG1LFKROV%>@9ROXPHRI
 IOXLGPHWKRGVIRUG\QDPLFVRIIUHH
 ERXQGDULHV-RXUQDORI&RPSXWDWLRQDO
 3K\VLFV9ROSS
+RURZLW]3DQG+LOO:>@7KHDUWRI
 HOHFWURQLFV&DPEULGJH8QLYHUVLW\3UHVV
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+XQWLQJWRQ6>6HSWHPEHU@$UDWLRQDOH
 IRUWKHXVHRIWKHSUREDELOLVWLFDSSURDFK
 WRODERUDWRU\ZDYHJHQHUDWLRQ,$+5 
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